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or centuries, science has been searching 
F for clues to the disappearance of the 

dinosaurs without answering a critical 
question—Are all the dinosaurs really extinct? 
In The Mistaken Extinction: Dinosaur Evolution 
and the Origin of Birds, crackerjack 
paleontologists Lowell Dingus, President of 
Infoquest, a nonprofit education and research 
foundation, and former Director of the Fossil 
Hall Renovation at the American Museum of 
Natural History and Timothy Rowe, J. Nalle 
Gregory Regents Professor of Geology at the 
University of Texas, Austin, and Curator of 
Vertebrate Paleontology at the Texas Memorial 
Museum lead us on an adventurous tour through 
the history of our own planet Earth. And they 
force us to face a shocking truth—The answer to 
that critical question is no. 

First, Drs. Dingus and Rowe take us back to 
the “murder scene” at the Cretaceous-Tertiary 
boundary of geologic time. Using evidence 
available to today’s scientists, they explore two 
events that scientists believe effectively 
exterminated many of Earth’s inhabitants— 
including a lot of dinosaurs. Researchers who 
favor a more gradual theory of extinction posit 
that a cataclysmic series of volcanic eruptions is 
responsible. Others see the culprit as an Earth- 
rending bolide crash near what is now the 
Yucatan Peninsula. 

All this brings us to feathers. Translating the 
terminology and tools of paleontological 
detective work as they go, Dingus and Rowe 
explain why most researchers now believe that 
birds and other dinosaurs sprung from the same 
ancient ancestor. The dinosaurs did not die out; 
they “were merely defined out of existence,” the 
authors write. The key to solving the mystery of 
their whereabouts is one of science’s most 
powerful theories—Evolution. The descendants 
of dinosaurs are, in fact, flying, hopping, 
perching, and building nests in our very modern 
midst. So, in reality, dinosaurs are not extinct. 
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im Rowe and Lowell Dingus ask, “What really happened to the 

dinosaurs?” If you think you know the answer, you're in for more 

than one surprise. That question, like this book, has two parts. First, 
what is a dinosaur? And second, why did all the big ones disappear some 
65 million years ago? The authors explain how these deceptively simple 
questions have spawned more than a few twists, turns, kinks, and knots in 
our conceptual landscape during the 156 years since the name “Dinosauria” 
was first coined. But this book isn’t limited to the voracious behemoths of 
childhood fantasy and Hollywood film. Lowell and Tim's real achievement 
is to place dinosaurs in a sweeping panoply of ideas that have shaped the 
history, philosophy, and science underlying our sense of our own place in 
the biological world. 

However much they may change through time, organisms owe their very 
existence to the process of descent. So it’s refreshing to finally see birds 
treated as simply one among the disparate and diverse lineages known as 
dinosaurs. Few will find this thesis particularly surprising in a modern per- 
spective on dinosaur evolution. The surprising part is that for more than a 
century there’s never been a better explanation for all the data than that 
birds are dinosaurs. So what have we been arguing about for all that time? 
Tim and Lowell explain in straightforward terms how so little of this contro- 
versy is data driven. Its persistence depends instead on the assumptions 
underlying the competing explanations of these data. The authors remind us 
once again that although science may be objective, scientists are people, 
and they aren't always so inclined. 

Tim and Lowell argue that a preference for complex answers, in cases 
where a simple one would do, may have hindered some pre-evolutionary 
scientists from seeing the connection between birds and other dinosaurs. 
What is more striking is that one of the first extinct dinosaurs ever found, 
Archaeopteryx lithographica, had feathers and could fly. The Darwinian 
Revolution should have rectified that error more than a century ago, but we 
are only now beginning to appreciate its full consequences. They range from 
the mundane—members of the Audubon Society and Dinosaur Society actu- 
ally belong to the same club, to the profound—only some dinosaurs became 
extinct 65 million years ago. And this is why Lowell and Tim can say that 
more dinosaur species may be threatened by humans today than by any- 
thing they ever faced in the past. 

Tim and Lowell are in a singular position to recount the grand tale of the 
dinosaurs. They've made original contributions to the field, with Lowell 
working on the Cretaceous extinction and Tim on early dinosaur phylogeny. 
They also had the good fortune to have participated in some key events in 
the recent history of dinosaur paleontology while graduate students at 
Berkeley. Lowell and Tim entwine their graduate-school years at Berkeley 
throughout the story and that personal touch makes this book all the more 
appealing. 
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The three of us shared those years at Berkeley, so I can say with some 
force that you'll learn a lot from Lowell and Tim and enjoy the process; I 
know I did. Lowell was the soft-rock geologist, and his insights—amply 
demonstrated in this book—into the interplay between Earth and Life his- 
tory influence my thinking to this day. For someone who has struggled sim- 
ply to find his position on a topographic map, | will always be in awe of 
Lowell's unerring ability to correct errors in that same map by simply 
observing the lay of the land upon which we were standing. He also had an 
uncanny ability to look at small, exposed sections of sedimentary rock lay- 
ers and thereby visualize the entire three-dimensional subsurface structure 
of those layers. 

The first part of this book stems from Lowell’s Ph.D. dissertation on the 
mass extinction at the end of the Cretaceous. It’s presented in the form of a 
“whodunit” in which Lowell presents both the prosecution and the defense: 
A difficult line to walk, to be sure, but one for which Lowell is well-suited. 
He has the scholar’s grasp of the primary data and a deep understanding 
of the commensurate analytical tools. But it’s Lowell's flair for storytelling 
that enables nonspecialists to weigh the merits of proposed answers to 
one of the most enduring enigmas in paleontology. He begins by taking us 
on a review of past ideas about dinosaur extinction. Then he carefully feeds 
us the geological concepts necessary to appreciate what’s at stake. That 
also helps us to see current conflicts in light of broader questions, such as 
the relative importance of gradual vs. catastrophic events in shaping the 
history of Life. He then makes the cases for the modern rivals in this debate, 
from familiar and ordinary Earth-shaping forces to rare asteroid impacts. 
Finally, he provides a thought-provoking discussion of the circumstances 
that will limit our ability to discriminate among alternative answers to 
events in the deep-time of Earth history. 

The second part of this book is a condensed version of Tim Rowe’s course 
on dinosaur evolution from the University of Texas at Austin. He introduces 
us to the major lineages of dinosaurs, setting them into the larger themes 
of Earth's history and Life's genealogy. And he throws in sections on diverse 
topics including human evolution, “Jurassic Park,” and Pleistocene extinc- 
tions for the sake of completeness. Tim provides an especially lucid, wide 
ranging, and interesting account of a broad array of conceptual issues in 
evolutionary biology as they relate to dinosaurs past and present. Against 
that backdrop we can fully appreciate the irony that extinct dinosaurs were 
first used in an attempt to discredit the Theory of Descent, and later used 
to support it. 

Tim and I share an intense interest in vertebrate anatomy. Anatomists 
must endure long apprenticeships to acquire the knowledge and skills 
necessary to produce original contributions in that venerable field. 
Tim and I spent endless late-night hours pouring over the fabulous 
collections housed in the University of California Museum of Paleon- 
tology. Those forays led us ultimately to study and revise the evolutionary 
histories of the two great branches of land egg-laying animals for our 
doctorate dissertations. Tim worked on synapsids, living mammals and 
their extinct relatives, and I worked on sauropsids, living reptiles and their 
extinct relatives. 


Tim is a perceptive morphologist committed to the quest for the anatom- 
ical clues that dino detectives use to solve their phylogenetic puzzles. His 
broad interests and acute powers of observation, coupled with our shared 
penchant for barbecuing “birds ‘n dogs” (chicken and Italian sausage), led 
him to recognize a new hip muscle, the cuppedicus, in living birds. This 
“tasty little morsel” arises from a concavity on the hip bone lying just in front 
of the hip socket. It is yet one more piece of evidence linking birds to the 
other tetanurine theropod dinosaurs that possess this concavity, which Tim 
named the cuppedicus fossa. 

I share with Lowell and Tim an abiding love of field work—if for no other 
reason than to escape the phones, e-mail and faxes at the office—and we've 
shared a few adventures in the field together. My last foray with Lowell was 
field work at its best. He'd been commissioned to secure a Triceratops for an 
exhibit at the California Academy of Sciences and had invited me to join his 
field crew for a few weeks. There's little in the way of science involved in get- 
ting a fossil Triceratops out of the ground; it’s simple pick and shovel work 
under a hot sun. We were infinitely grateful that Lowell had the presence of 
mind to select a specimen overlooking Ft. Peck reservoir. At the end of each 
day it was off to the lake to strip and dip and scrub the crust away. And each 
night found Lowell and me at water's edge, determined to bring one of the 
lake’s mighty Channel catfish to our grill. No such luck; all we could manage 
was some poor old sucker-fish, which provided good sport if poor eating. 

Tim and I have spent more time in the field together, but little of that has 
involved hunting fossils. Our quarry, the diverse lizards of the American 
Southwest, were pursued instead with crow bars, giant rubber bands, and 
fishing poles tipped with nooses fashioned from waxed dental floss. But that 
was during the day, and nightfall found us cruising desert roads at dead slow 
in search of the nocturnal lizards (especially the long, limbless, carnivorous 
variety, viz., snakes) who are prone to linger on the warm blacktop after dark. 

Tim is an accomplished cellist—which is to say that his musical tastes 
seldom pass into the twentieth century. So each of our trips is linked in my 
mind to a particular musical masterwork from the distant past. I'll never for- 
get field dressing specimens on the rim of the Grand Canyon at dusk to the 
strains of an exquisite Chinese opera. Our expeditions have had us wading 
in frigid waters in search of larval Pacific Giant salamanders, weathering 
springtime sandstorms for a chance at dune-dwelling sand lizards, and lev- 
ering up granite boulders in intense heat up along the Mogollon Rim in 
search of the elusive Arizona Night lizard. 

So saddle up, and let Lowell and Tim take you on an adventure of the 
mind that will forever change the way you look at dinosaurs. You needn't be 
a dinosaur aficionado to delight in this marvelous book. Anyone remotely 
interested in the world around them will find something in it to relish, pon- 
der, and wonder at. 


Jacques Gauthier September, 1997 
Curator of Vertebrate Paleontology 

Yale Peabody Museum 

Professor of Geology and Geophysics 

Yale University 


FOREWORD 


any people have contributed to this book and we gratefully 

acknowledge their assistance throughout the endeavor. The com- 

munity of faculty, staff, and fellow students that we shared at the 
University of California fostered our basic perspective, and much of the infor- 
mation we present was first brought to our attention by members of this 
community. Chief among these are Walter Alvarez, David Archibald, William 
Clemens, Kevin de Queiroz, Jacques Gauthier, Howard Hutchinson, Kevin 
Padian, Carl Swisher, and David Wake. All these people have made contribu- 
tions that extend from the germination of this book to its completion. Chris 
Brochu, Luis Chiappe, Jim Clark, Matt Colbert, Ernest Lundelius, John Merck, 
Jr., and Mark Norell, provided ideas and highly constructive criticisms as we 
prepared the manuscript. In addition, many colleagues offered encourage- 
ment and helpful comments. Without implying that they or the aforemen- 
tioned necessarily agree with our conclusions, we gratefully acknowledge the 
reviews provided by Philip Bjork, Philip Currie, Steven D'Hondt, Peter 
Dodson, David Fastovsky, Nicholas Geist, Louis Jacobs, Kirk Johnson, David 
Martill, Michael Novacek, and David Weishampel. Essential to the book's 
development has been the unwavering interest and sound advice of our rep- 
resentative Sam Fleishman. We also thank Sarah Wilson for her help assem- 
bling many of the illustrations. Coco Kishi and John Merck, Jr., produced the 
digital skeletal illustrations used throughout the book. Sharon Bruyere and 
Egan Jones assisted in preparing these figures. 

Vertebrate paleontology would be impossible without museum research 
collections. Many different museums house the materials we describe, but 
we owe special thanks to the curatorial staffs who maintain the fossil and 
modern osteological collections of the American Museum of Natural 
History, the University of California Museum of Paleontology, the UC 
Museum of Vertebrate Zoology, and the Texas Memorial Museum. Historical 
research was supported by the libraries of the American Museum of Natural 
History, the Langston Library of Vertebrate Paleontololgy and the Walther 
Geology Library of the University of Texas, the Museum of Comparative 
Zoology Library, Harvard University, and the John Crerar Library of the 
University of Chicago. This work was supported in part by a grant from the 
National Science Foundation (USE-9156073), by the University of Texas 
Geology Foundation, and the UT Center for Instructional Technologies. 

Finally, we would like to thank our editors, Holly Hodder and Diane Cimino 
Maass, and all the other staff members at W. H. Freeman and Company who 
worked so tirelessly to bring our vision of this book into reality. Most of all, we 
want to express our gratitude for the understanding and support provided by 
Elizabeth Chapman and Elizabeth Gordon, who patiently tolerated our antics 
while we struggled for a decade to write the book, as well as Larry Dingus, who 
has always steadfastly refused to accept that tyrannosaurs could fly. 
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PROLOGUE 


ost vertebrate paleontologists have been hooked on paleontol- 

ogy since they were kids, and we are no exception. The lure 

of spending our lives studying fossils of dinosaurs, or other 
ancient animals with backbones, was something that neither of us could 
shake. In a sense, we've never had to grow up and get “real jobs” like so 
many of our other childhood friends. During the field-work season, we can 
travel to exotic locales, where the chance of finding an exquisite fossil of 
some previously unknown animal always lies just around the next rocky 
outcropping. We feel very fortunate to have jobs where the treasure hunts 
of our childhood still continue. 

Of course, it’s not all fun. Like our paleontolgical colleagues before us and 
the students behind us, we have all endured countless courses and endless 
examinations, knowing full well that there might not be a job for us at the 
end of our educational travails. But, it’s worth the risk. We all share the goal 
of spending our lives discovering and studying these ultimate antiques of 
evolutionary history. So friendships are formed that often last a lifetime, 
especially during graduate school when all one’s skills and determination 
are put to the test. 

It was during this phase of our lives, in the late 1970s and early 1980s, that 
we became close friends as classmates in the Department of Paleontology at 
the University of California, Berkeley. Both of us were drawn to Berkeley by 
the romance of studying dinosaurs at an institution with a long and distin- 
guished paleontological heritage. 

At the outset, it didn’t seem to us that our Ph.D. projects had much in 
common. Tim focused his research on clarifying evolutionary relationships 
among mammals and reptiles, including dinosaurs. Lowell focused his stud- 
ies on evaluating the geological and paleontological aspects involving the 
disappearance of dinosaurs 65 million years ago. Yet, as we completed our 
dissertations and moved on to other jobs, we realized that our efforts had 
dealt with the same issue, albeit from different evolutionary angles— 
dinosaur extinction. The Mistaken Extinction presents our personal perspective 
on this intriguing problem in Earth and evolutionary history. 

We present the issues surrounding dinosaur extinction as though they 
are elements in a scientific detective story; following a trail of geologic and 
paleontologic clues toward a solution. After reviewing some earlier ideas 
put forward to explain the demise of the dinosaurs, Part I presents two sce- 
narios to contrast the most prevalent current explanations for the extinc- 
tions at the end of the Cretaceous Period. Part II then examines whether all 
the dinosaurs really became extinct 65 million years ago. Over the course of 
this book, it will become clear that the questions being raised today actu- 
ally have their roots in the debates that raged within the scientific commu- 
nity in the nineteenth century, when Darwin's theory of evolution first burst 
upon the scene. 
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PROLOGUE 


As graduate students and later as professionals, we have each had the 
privilege of participating in these fascinating scientific investigations. The 
experience has taught us invaluable lessons, not only about the history of 
life but also about how science is conducted. Our studies, tempered by the 
insightful contributions of hundreds of other dedicated scientists, have led 
us to form our own conclusions about the mysteries of dinosaur extinction. 
But in the end, our goal is to lay out the evidence involved in these investi- 
gations so you can judge for yourself what really happened to the dinosaurs. 


The Seductive Allure 
of Dinosaurs 


tured the curiosity of both paleontologists and the general 


public. Such attention is well deserved because dinosaurs 
are widely recognized to have ruled the continents for over 


150 million years. 
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THE SEARCH FOR THE SMOKING GUN 


As paleontologists, one of the questions that we are most frequently asked 
is “Why are dinosaurs so popular?” There is no single, all-encompassing 
answer, but we can offer a few explanations. Dinosaurs inspire the imagina- 
tions of young and old alike. For many youngsters, like we once were, these 
magnificent animals represent our first introduction to science. The im- 
mense size of many dinosaurs, their strange appearance, and incredible age 
all contribute to their mystique. They seem to be both stranger and larger 
than life, like monsters out of science-fiction stories, but their fossilized 
bones prove that they really lived. To us, that’s the key: dinosaurs are not just 
imaginary. The events of their lives were every bit as real and vital as our own. 

Our curiosity about dinosaurs drives us to want to know everything 
about them. In this pursuit, however, our love of science fiction runs head- 
long into the methods of scientific research and the limits of scientific 
knowledge. Fossils can help us solve many mysteries about dinosaur his- 
tory. The size of their skeletons gives us a good idea about how large these 
animals were. By studying the shape of their bones and the structure of 
their skeletons, we can establish which dinosaurs were close and which 
were distant evolutionary relatives. 

For example, fossils of the earliest known dinosaurs provide evidence of 
how dinosaurs differ from their reptilian cousins. By studying the structure of 
the fossilized bones in their hind legs and hips, we have found features which 
indicate that dinosaurs walked upright, with their legs extending straight 
down from the hips to the ground. This erect posture is one of the evolution- 


Public relations events were thrown into 
high gear soon after Richard Owen first 
recognized the group Dinosauria. In the 
early 1850s, as part of the opening for 
an exhibition of dinosaur models at 
Sydenham Park in London, Owen held 
the special-invitation dinner party 
depicted here. His twenty guests dined 
inside the partially built model of an 
Iguanodon which, along with others 
still on view today, was sculpted by 
Waterhouse Hawkins. 


ary innovations that makes a dinosaur a dinosaur, and 
it is by identifying such features that we can trace the 
sequence of dinosaur evolution. 

All later dinosaurs inherited this new posture 
from the first dinosaur. Two major lineages sprang 
from this common ancestor: Saurischians contain 
all the commonly recognized carnivorous dinosaurs, 
such as Tyrannosaurus and Allosaurus, as well as the 
largest dinosaurs, such as Apatosaurus and Diplodocus. 
Ornithischians include the armored dinosaurs, such 
as Stegosaurus and Ankylosaurus; the duckbills; the 
horned dinosaurs, such as Triceratops; and the thick- 
skulled pachycephalosaurs. 

In addition to establishing evolutionary relation- 
_ ships, fossils can provide some information about the 
behavior of dinosaurs. Sequences of fossil footprints, 
called trackways, confirm that dinosaurs moved around 
in an upright or erect posture. 

Besides evolutionary relationships and some 
behaviors, the rocks in which dinosaur fossils are pre- 
served provide clues about what their environment 
might have been like and how long ago they lived. 

The evidence for measuring the vast spans of geo- 
logic time involved in dinosaur evolution comes from 
the layers of volcanic rock preserved among the beds 
that contain the dinosaur fossils. Some of these vol- 
canic layers are composed of minerals formed, in part, 
by radioactive atoms. Once the lava erupted and 
cooled, radioactive “parent” atoms began breaking 
down, or decaying, into “daughter” atoms of different 
composition at a constant rate. This rate can be mea- 
sured experimentally with sophisticated equipment. 
In essence, to determine when the volcanic rock was 
formed, one must measure the proportion between 
the parent atoms and daughter atoms contained in 
the volcanic rock. Then, because we know the rate at 
which parent atoms decay, an age can be calculated. 
This process is called radioisotopic dating. Such cal- 
culations have led us to the realization that the evolu- 
tionary roots of dinosaurs stretch back hundreds of 
millions of years. 

The age of the era during which dinosaurs ruled the 
Earth is truly mind-boggling.' Most of us are used to 
dealing in time scales ranging from days to decades, 
but the dinosaurs, as we commonly recognize them, 
lived more than 60 million years before any people 
were around. The roots of our own human ancestry 
stretch back only 4 or 5 million years. However, the 


Mesozoic Era, often termed the Age of Dinosaurs, | 
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stretched from about 250 million years ago up to about 65 million years ago. 
This era lasted more than 35 times longer than the entire evolutionary histo- 
ry of humans to this point. If a human generation is assumed to average 20 
years, then 9,250,000 generations of parents and children could be fit into the 
Age of Dinosaurs. 

Taking a closer look at the geologic time scale, the earliest known dino- 
saurs lived near the middle of what geologists call the Triassic Period—about 
228 million years ago. The Triassic was the earliest period of the Mesozoic 
Era. The next period, called the Jurassic, extends from about 205 million 
years ago to about 144 million years ago. It was during this period that 
dinosaurs achieved their maximum size in the form of the titanic sauropods, 
such as Apatosaurus. Dinosaurs continued to dominate the continents during 
the final period of the Mesozoic, called the Cretaceous. This period saw the 
evolution of the most fearsome terrestrial predators the world has ever seen, 
like Tyrannosaurus, as well as the evolutionary bursts that produced a dazzling 
diversity of duckbills and horned dinosaurs. Then, 65 million years ago, at 
the end of the Cretaceous Period, all the commonly recognized kinds of 
dinosaurs went extinct. These spans of time are essentially incomprehensi- 
ble to animals like us, living lives that last only about 70 years. 

Yet, dinosaurs are actually newcomers on the stage of Earth and evolu- 
tionary history. The Earth was formed about 4.5 billion years ago, and the ear- 
liest fossils of single-celled life date back to between 3.5 and 4.0 billion years 
ago. Vertebrates—animals with backbones—originated about 500 million 
years ago. So, dinosaurs arose about half way through the evolutionary his- 
tory of vertebrates. Humans, on the other hand, evolved within the last one 
percent of vertebrate history. Paleontologists—scientists who study fossil 
remains of ancient life—have accomplished an amazing feat by tracing evo- 
lutionary lineages so far back into the ancient past. 

Fossils and the rocks containing those fossils reveal incredible perspec- 
tives on the history of dinosaurs. Yet, there is a multitude of intriguing ques- 
tions that the fossils and rocks cannot help us answer with any degree of cer- 
tainty. For example, the fossil skeletons provide no evidence for us to judge 
what color the living animals were or what kind of sounds they made. Also, 
there are many questions about how these animals behaved that are not 
easily interpreted from the fossils. 

Living with these limitations is often frustrating for paleontologists. As 
scientists, we can only ask questions of the fossil record that we can test with 
the available evidence. Because all the dinosaurs like Tyrannosaurus and 
Triceratops are extinct, we can’t go out to the field and observe how they be- 
haved. Consequently, we can’t be certain how Stegosaurus used the ornate set 
of plates on its back. Nor do we know for sure whether the duckbills used 
their crests for amplifying their vocalizations: it’s certainly possible, but there 
is no unequivocal evidence to support this hunch. 

Nonetheless, it is easy to be seduced by the spectacular skeletons. The 
limitations imposed by the evidence in the rock and fossil records haven't 
stopped some paleontologists from imaginatively speculating about the use 
of these unusual structures and many other aspects of dinosaur behavior. The 
public desperately wants answers to all their questions about dinosaurs, and 
some paleontologists have been unable to resist the urge to oblige and spec- 
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ulate. The literature of both the scientific and popular press is replete with in- 
triguing and outrageous claims about how dinosaurs lived and died. 

As a result, conflicting claims about dinosaurs, fueled by the public fren- 
zy over blockbusters like Jurassic Park, have led to numerous public debates 
among paleontologists. Were dinosaurs “warm-blooded”? Did they take care 
of their young? And within the present context: What caused so many dino- 
saurs to become extinct 65 million years ago? 

Our charge in this book is to investigate all the major issues surrounding 
dinosaur extinction. What do we really know about the extinction of dino- 
saurs at the end of the Cretaceous Period? To try and solve this case, which 
is somewhat like an ancient murder mystery, we must closely examine the 
evidence available in the rock and fossil records. That’s the subject in Part I 
of this book. 

Our review of extinction hypotheses will basically follow the order in 
which they were proposed. To begin, we will review some earlier ideas or 
hypotheses that sought to explain the cause of dinosaur extinction. In retro- 
spect, some seem comical, but others are more sophisticated. Our goal will 
be twofold: First, we will try to distinguish between hypotheses that are sci- 
entific and those that are not. In pragmatic terms, this distinction depends 
on whether there is evidence available to test the hypothesis. If the rock and 
fossil records contain evidence that can be used to test the proposed cause, 
then the hypothesis is considered to be scientific. If the hypothesis cannot 
be tested with evidence present in the rock and fossil record, then, for the 
time being, it falls outside the realm of science. Second, for each scientific 
extinction hypothesis, we will try to evaluate whether the evidence preserved 
in the rock and fossil records is consistent or inconsistent with the proposed 
cause of extinction. This exercise will be used to illustrate how scientific 
methods work by testing new ideas against the available evidence. In the 
end, the hypothesis that is consistent with, or explains, more evidence than 
any other is deemed to be the most likely. This rule for making decisions, 
often called Occam's Razor or the Principle of Parsimony, forms the founda- 
tion for choosing between competing scientific hypotheses. 

Next, we will investigate the current debate about dinosaur extinction by 
exploring clues in the rock record relating to two of the most momentous 
geological and astronomical events in Earth history. The first event began to 
be seriously discussed in 1972 as a cause for the Cretaceous dinosaur extinc- 
tions. It involves the second largest known episode of volcanic activity ever 
inflicted on the continents of our planet, along with potentially associated 
changes in the location and configuration of the seas. Massive piles of lava 
flows that now cover vast areas of India represent the evidence for these 
eruptions at the end of the Cretaceous. Because of the enormous amounts of 
gases and other pollutants erupted during this event, the Earth’s environ- 
ment could have been severely damaged. Could this have caused the extinc- 
tion of dinosaurs? 

Or was that extinction caused by the Earth-shattering impact of a large 
comet or asteroid near present-day Yucatan? This stunning hypothesis was 
put forward in 1980 by some of our colleagues in the Geology and Geophysics 
Department when we were graduate students at Berkeley. Their scenario sug- 
gested that the impact blasted a cloud of debris into orbit, which completely 
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enveloped the Earth. This cloud cut off all light from the Sun for several 
months, preventing plants from photosynthesizing. With the death of most 
plants, the herbivorous dinosaurs died out, and with the extinction of their 
plant-eating prey, so did the carnivorous dinosaurs. 

These are both sensational scenarios. Almost immediately after the aster- 
oid hypothesis was published in 1980, both the press and the public became 
as engrossed in the issues as our scientific community at Berkeley did. As 
students of professors involved in the debates, we were quickly drawn into 
the middle of the ensuing exchanges between the proponents of these two 
competing hypotheses. They were rather daunting but extremely exciting 
times because we realized that an important phase of evolutionary history 
might be rewritten right before our very eyes. At stake was the stately and 
gradualistic view of change that had dominated geological and evolutionary 
thinking for the last two centuries. Did catastrophic change, like that pre- 
dicted by the impact hypothesis, really drive the history of life as some sci- 
entists in the 1800s had argued? 

Over 15 years have now passed since the impact hypothesis was proposed, 
but still the debate over the cause of the Cretaceous extinctions continues. 
What new evidence to refute or support the competing ideas has been dis- 
covered? By searching for clues in the rock record, we will first try to estab- 
lish whether these extraordinary events really happened. Then, we will try to 
evaluate the effects that these two events had on dinosaurs and other con- 
temporary life forms, by looking at the fossil record to determine which 
groups of organisms went extinct and which groups survived. 

One key to deciding whether the eruptions or the impact was responsible 
lies in the proposed durations for these events. Most of the eruptions are 
thought to have occurred over a period of 500,000 years leading up to the end 
of the Cretaceous. The effects of the impact, however, are thought to have 
lasted only between a few months and a few thousand years, at most. Can we 
tell time precisely enough to distinguish between the effects of these events 
in rock and fossil records that are 65 million years old? Our ability to do so 
may well determine whether we can assign responsibility for the extinctions 
to either of the two proposed causes. 

However, the debate over the cause of the Cretaceous dinosaur extinc- 
tions was, by no means, the only argument about dinosaur extinction going 
on at Berkeley when we were students. In Part II of the book, we will turn to 
investigate a rather startling question that some of our paleontological 
classmates were beginning to pose: Did all the dinosaurs really become 
extinct at the end of the Cretaceous? When we first entered college, every- 
one agreed that they did. Yet, by the time we got to graduate school at 
Berkeley, we were shocked to find out that this long-accepted evolutionary 
fact might not be correct. 

This debate was catalyzed by a new method of determining evolutionary 
relationships, called cladistics. Its goal is to sort out smaller lineages within 
larger families of organisms by rigorously identifying unique anatomical fea- 
tures that the different lines shared. In essence, members of a lineage that 
share a unique feature, like the upright posture of dinosaurs, are descen- 
dants of the first animal in which the unique feature evolved. By following the 
evolutionary trail of anatomical clues from larger lineages into smaller lin- 
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eages, such as from Dinosauria into saurischians and ornithischians, one can 
reconstruct the sequence in which different features and lineages evolved. 

Applying the cladistic approach to the evolution of vertebrates generated 
some results that contradicted several long-held evolutionary notions. Con- 
sequently, it was very controversial. It ruffled the feathers of many prominent 
evolutionary biologists. One of our landlords when we studied at Berkeley was 

_intimately involved in these debates. Gareth Nelson, a Curator of Ichthyology 
at the American Museum of Natural History in New York, was the most promi- 
nent and influential proponent of cladistics in the United States. In order to 
get a break on our rent, we helped him do renovations around the house, and 
while working, we'd pass the hours discussing cladistics. 

One of the most radical results of cladistic analysis suggested that living 
birds descended from small carnivorous dinosaurs. This analysis formed the 
basis for the dissertation by Jacques Gauthier, one of our classmates and 
roommates. Actually, this result was not a totally new idea. Back in the mid- 
1800s, shortly after Charles Darwin had published his seminal work on evo- 
lution, the scientific community was rocked by the discovery of Archaeopteryx, 
a Late Jurassic animal that exhibited many reptilian features, but also had 
feathers like a bird. Eventually, most scientists accepted that Archaeopteryx 
represented the earliest-known bird, but debate continued over whether 
birds evolved from dinosaurs or other reptiles. More than 100 years later, our 
roommate had run headlong into the same evolutionary quagmire. As with 
the debate over Cretaceous extinctions, the intellectual exchanges were elec- 
trifying to incoming Ph.D. students like us. We might actually witness the 
solution of a long-running evolutionary mystery: From what ancestor did 
birds really evolve? 

Did we witness that solution? To judge, we'll start back at the beginning of 
Life on Earth. By following the trail of anatomical clues leading from the ori- 
gin of early life forms through the first vertebrates and on into dinosaurs, 
we'll seek to discover whether any of the organisms that survived the extinc- 
tions at the end of the Cretaceous descended from dinosaurs. Are birds such 
survivors? Or did they descend from early relatives of crocodiles, as many 
paleontologists have argued over the last century? If birds did evolve from 
dinosaurs, they would be members of the dinosaur’s evolutionary lineage. 
Therefore, dinosaurs would not really be extinct . . . at least not yet. 

Although we will be frank about our own conclusions concerning dinosaur 
extinction, the point of the book is to lay out the evidence in these debates 
so that you can make your own judgments. In setting out the evidence, we 
have tried to be fair to the competing ideas, although we realize that some of 
our colleagues have come to conclusions different from ours. More impor- 
tantly, by reading on, you will have the privilege to serve on the same scien- 
tific jury that we and our colleagues have—deliberating over some of the 
most fascinating mysteries in the history of Life. 
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today. So, with a stiff upper lip, paleontologists not only have come to accept 
the extinction of dinosaurs but to revel in their mysterious disappearance. 

This revelry has long constituted one of the most entertaining, intriguing, 
and controversial pursuits in science. In trying to solve the mystery, hundreds 
of scientists from paleontologists to astrophysicists have paid their money 
and taken their chances by putting their hypotheses in print. Some of the 
earlier explanations seem rather fanciful, whereas others appear more rea- 
sonable. Most earlier hypotheses were predicated on relatively gradual, Earth- 
based causes. However, some have been related to relatively sudden, extra- 
terrestrial events. Investigations into dinosaur extinction intensified in 1980, 
when scientists at Berkeley proposed that the impact of an extraterrestrial 
body was responsible. But before tackling the more demanding technical evi- 
dence involving impacts and volcanic events, let’s ease into the topic by infor- 
mally evaluating a small sample of earlier explanations. Then, we'll focus on 
the hypotheses involved in the more recent debate. 

It is not our intention to deal with all the hypotheses that have been 
proposed to explain dinosaur extinction or to criticize the individuals that 
proposed these earlier ideas. Consequently, personal references are not pro- 
vided. A more comprehensive listing of these and other early extinction 
hypotheses can be found in the references listed in the back of the book.! The 
goal here is to illustrate how the scientific method of proposing and testing 
ideas actually works. 

Throughout the review of extinction hypotheses, our emphasis as scientif- 
ic detectives of ancient history will be on two questions: First, how can we sci- 
entifically test these hypotheses for the extinction of dinosaurs with the evidence available in 
the rock and fossil records? Second, which hypotheses are refuted and which are support- 
ed by most of that evidence? The first question can be used to separate scientific 
explanations from unscientific ones. Because, if we're going to assume the 
role of scientific detectives in solving this mystery, we must propose ideas or 
hypotheses that we can test with the evidence available in the geologic and 
paleontologic records. The second question must be applied to decide which 
alleged cause of extinction is the most likely culprit. That will be the one that 
explains the most evidence found in the rock and fossil records. In the end, 
it is impossible to prove which, if any, of these hypotheses is correct. However, 
it is possible to show which hypotheses are inconsistent, or fail to explain, 
the available geologic and paleontologic evidence. Now, let's get on to the alle- 
gations and the evidence in the case. 

The following scenarios exemplify extinction hypotheses that are almost 
impossible to test directly with the clues available in the rock and fossil 
records. Thus, whether they actually happened or not, they remain unsatisfy- 
ing explanations to the scientific community. 


ALL FILLED UP, BUT NO WAY TO GO? 


The Cretaceous, or last period of the Age of Dinosaurs, saw the rise and pro- 
liferation of angiosperms—more commonly known as flowering plants. Along 
with this evolutionary burst came a decrease in the predominance of ferns. 
One dietary ramification of this floral change might have been a decrease of 
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fern oil in the diet of plant-eating or herbivorous dinosaurs. This could have 
led to acute constipation which exterminated all the herbivorous dinosaurs. 
In turn, the meat-eating or carnivorous dinosaurs may have died out after the 
extinction of their herbivorous prey, which presumably had served as their 
primary food source. 

Can we test this idea with evidence from the fossil record? The stomach 
contents of dinosaurs are not usually preserved inside fossil skeletons. Thus, 
we cannot directly track dietary changes through time with any degree of con- 
tinuity. Another way to get at the question would be to study fossilized dino- 
saur dung, or coprolites. This is an active area of contemporary dinosaur 
research that has the potential to shed new light on the diet of dinosaurs. To 
date, however, research on coprolites has been limited, and they are often 
difficult to attribute to a particular kind of dinosaur. Consequently, this hypo- 
thesis is almost impossible to test with the currently available fossil evi- 
dence—whether or not it's true. 


TERMINAL SNEEZES AND SNIFFLES? 


Another hypothesis has been associated with the proliferation of flowering 
plants, but it was offered more in jest. The idea is that more flowers meant 
more pollen, and more pollen meant more hay fever—so much so that all the 
dinosaurs died from it. Allergic drowning would indeed have been a terrible 
fate for such Herculean life-forms. 

Like stomach contents, however, the nasal tissues of dinosaurs are not pre- 
served as fossils. So no direct evidence for judging the hypothesis exists in 
the rock and fossil records. 

Even if one assumes that hay fever was the cause, however, those of us 
with allergies might wonder why our mammalian ancestors and other late 
Cretaceous reptiles were not similarly afflicted. Besides, many groups of her- 
bivorous dinosaurs, such as duckbills and horned dinosaurs, were proliferat- 
ing toward the end of the Age of Dinosaurs, apparently undaunted by the 
increased levels of pollen. So again, the idea is not directly testable with any 
fossil evidence related to sinus problems, and what little indirect evidence 
there is refutes the hypothesis. 


MORE MALADIES 


Plagues have long haunted humanity and, presumably, life in general. Even 
today, we are again reminded of our vulnerability through the rapid spread of 
AIDS. So it comes as no surprise that epidemics have often been implicated 
in the demise of the dinosaurs. 

But problems exist with testing this scenario scientifically. The most signif- 
icant problem is finding evidence of disease in fossil organisms. Most diseases 
affect the soft anatomy: the organs, muscles, nerves, and circulatory system. 
However, the symptoms of diseases that might have affected the soft anatomy 
of dinosaurs are not evident in the fossil record because soft tissues are not 
preserved. Only the harder parts of the body, the bones and teeth, are com- 
monly fossilized. Some diseases, such as arthritis and bone cancer, do leave 


Epidemics have been cited as a possible 
cause of dinosaur extinction. However, 
no evidence for such an epidemic is 
preserved in the fossil skeletons. 
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their mark on the fossilized bones. But there is no evidence in the late 
Cretaceous bones or teeth of dinosaurs to indicate such a pandemic cause of 
extinction. So, diseases may well have played a role in the death of some indi- 
vidual dinosaurs, but we cannot directly test whether some disease of the soft 
anatomy caused the extinction of dinosaurs. 

Nonetheless, diseases within the soft tissues of vertebrates tend to be 
pretty specific. They usually attack only one species or a few closely related 
species. Just in the midcontinent of North America, fossils representing nine- 
teen species and at least eight major lineages of dinosaurs have been recov- 
ered from rocks deposited just before the end of the Cretaceous.? Indirectly, 
therefore, it seems unlikely that one massive epidemic could eradicate a 
group as diverse as the late Cretaceous dinosaurs. 


AN_EYE FOR AN EYE? 


This hypothesis suggests that dinosaurs became plagued with cataracts, which 
rendered them blind and led to their extinction. This assertion is both hard to 
believe and impossible to test directly, because no fossilized cataracts from 
dinosaurs are known. 


A MATTER OF DEGREE? 


The sex of baby alligators, which are close living relatives of dinosaurs, is deter- 
mined by the temperature at which the egg incubates in the nest. A temper- 
ature of less than 86 degrees Fahrenheit (30 degrees Centigrade) results in a 
female. A temperature of greater than 93 degrees Fahrenheit (34 degrees 
Centigrade) results in a male—which leaves a curious “no man’s land” in the 
middle. Consequently, a climatic change at the end of the Age of Dinosaurs 
might have resulted in the birth of all male or all female dinosaurs. This, obvi- 
ously, would have posed some serious problems for reproduction. 

Unfortunately, the temperature of the climate in which the dinosaurs lived 
is difficult to determine that precisely, especially the temperature inside a 
nest. Evidence from fossil plants suggests a warming trend at the end of the 
Cretaceous, at least in the middle of North America.? Yet precise temperatures 
cannot be determined, making this scenario impossible to evaluate directly 
with the available rock and fossil evidence. 

If this hypothesis were true, however, one has to wonder why so many 
dinosaurs died out, while some Late Cretaceous crocodiles survived. Indirectly, 
this hypothesis fails to account for the survival of some similarly adapted ani- 
mals that were alive at the time. 


THOSE LITTLE THINGS? 


Paleontologists who study fossil mammals are often proud to implicate their 
“pets” within the context of dinosaur extinction. This hypothesis suggests that 
dinosaurs were eradicated by early mammals, either through direct competi- 
tion for resources or because the mammals ate all their eggs. This idea is 
impossible to test directly with available geologic and paleontologic evi- 


dence. Such complex ecological scenarios are often 
difficult for contemporary ecologists to get a handle 
on. What's more, modern ecologists usually work in 
local settings with living species that they can 
observe—not on a global scale requiring analyses of 
a very incomplete fossil record that is 65 million years 
old. We have no direct evidence about what Late 
Cretaceous mammals ate or how they affected the 
balance of resources. 

Indirectly, fossils show that all the known forms of 
Late Cretaceous mammals were no larger than mod- 
ern beavers. So it’s a bit difficult to imagine them 
being a serious threat to dinosaurs such as 
Tyrannosaurus and Triceratops. Even if they were, mam- 
mals had coexisted with dinosaurs for at least 100 
million years before the end of the Cretaceous. So the 
dinosaurs had more than demonstrated their ability 
to cope with small mammals over the long run. 
Finally, one is left wondering, if those little, rat-sized 
mammals were so rough on the dinosaurs and their 
eggs, how did crocodiles, lizards, turtles, and other 
reptiles survive? Thus, the available indirect evidence 
appears to exhonerate our early relatives. 


Proposals that dinosaurs became sexually frustrat- 
ed, became suicidal, or succumbed competitively to 
leaf-eating caterpillars represent other hypotheses 
that are difficult, if not impossible, to test with the 
available geologic and paleontologic evidence. In con- 
trast, many hypotheses seeking to explain dinosaur 
extinctions have been directly tested and apparently 
refuted. A small sample follows. 


BIG, BIGGER, BIGGEST ..... BOOM? 


One notion that has been tested and refuted is the 
idea that dinosaurs just got too big for their own 
good and became extinct as a result of their enor- 
mous size. This doesn't jibe with the known fossil 
record for a couple of reasons. First, most of the 
largest dinosaurs known lived and died long before 
the end of the Cretaceous. These were the Jurassic 
sauropods, including Apatosaurus, Brachiosaurus, 
Ultrasaurus, Supersaurus, and Seismosaurus. They lived 
about 150 million years ago. The largest dinosaurs 
that lived at the end of the Cretaceous, such 
as Tyrannosaurus, Anatotitan, Triceratops, and 
Pachycephalosaurus, were not nearly as large as the 
Jurassic sauropods. The only known exception was 
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Minute, primitive mammals coexisted with dinosaurs for over 
100 million years before the end of the Cretaceous Period. Did 
they represent a competitive threat to dinosaurs? 
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Argentinosaurus, an enormous sauropod from the Late Cretaceous of South 
America. Nonetheless, there was not a generally progressive increase in size up 
to the end of the Cretaceous. 

Another piece of fossil evidence refuting this hypothesis is that many rela- 
tively small kinds of dinosaurs continued to thrive in the latest Cretaceous, 
especially small carnivorous dinosaurs such as Dromaeosaurus, Troodon, and 
Saurornithoides. 


Saurornithoides, a small carnivorous 


THIN, THINNER, THINNEST ..... CRACK? dinosaur from Asia, is a fairly close 
relative of Troodon, Velociraptor, and 
Eggs of the Late Cretaceous sauropod, Hypselosaurus, had unusually thin Dromaeosaurus. It lived near the end of 


shells. Similar suggestions have been made for the rich fossil record of eggs — the Cretaceous, about 72 million years 


at the end of the Cretaceous in southeastern China and possibly ago. Its skull was only 7.5 inches long. 
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Apatosaurus, one of the large sauropods, 
reached lengths of almost 90 feet. 
It lived in what is now Utah, 
Wyoming, and Colorado 
about 150 million years 
ago—long before 
the end of the 

Cretaceous. 
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India. Did the egg shells of all dinosaurs get so thin toward the end of the 
Cretaceous that they became inviable, causing the extinction of the whole 
group? 

Within the last fifteen years, many spectacular discoveries of Late Creta- 
ceous eggs and nests of several types of dinosaurs have been made in 
Montana, Canada, Argentina, China, India, and Mongolia. Nests, eggs, and 
embryonic remains have been found for duckbills, hypsilophodonts, troodon- 
tids, therizinosaurids, and one species related to Oviraptor. The newly discov- 
ered eggs were found in nests that also preserved skeletons representing 
embryos and hatchlings. Adolescents were also found near the nests. Thus, 
the eggs for these species appear to have been quite viable. 


DEATH BY DIPOLES? 


Throughout the known history of the Earth, our planet’s magnetic poles com- 
monly reversed direction such that the magnetic end of the compass point- 
ing North today would have pointed South, as it did at the time of the 
dinosaur extinction. The reason for these reversals is not well understood, 
although some ideas will be mentioned in later chapters. Nonetheless, the 
history or sequence of these reversals has been recorded in, and can be read 
from, many of the rocks that make up the Earth’s crust. Some recent data sug- 
gest that when the poles reverse direction, it can happen in a period of as 
little as a few hundred years.* There is some evidence that the Earth’s mag- 
netic field plays a role in the migration of some animals, such as monarch 
butterflies and various birds. Was one of these reversals to blame for the 
extinction of the dinosaurs? 

The available evidence refutes this idea. First, the last dinosaur fossils in 
many different geographic areas consistently occur near the middle of a sta- 
ble interval when the Earth’s magnetic poles were reversed—not near a 


The eggs of the sauropod, Hypselosaurus, 
have thin shells for such large eggs, 
which are 9 inches in length. 


The embryonic bones of an 
Oviraptor-like dinosaur are preserved 
within this 4-inch-long egg. The 
bones represent the first embryo of 

a carnivorous or theropod dinosaur 
ever found. The egg was laid about 
72 million years ago, near the end 

of the Cretaceous Period. 
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boundary when the poles were in the process of reversing position. In addi- 
tion, the Earth's magnetic poles are known to have reversed themselves more 
than one hundred times during the Age of Dinosaurs,’ so why didn’t one of 
those other reversals knock the dinosaurs out? Finally, why would this rever- 
sal extinguish dinosaurs and leave other reptiles, such as crocodiles, turtles, 
and lizards, unscathed? This evidence suggests that a reversal of the mag- 
netic poles was not the culprit. 


The preceding examples do not constitute an exhaustive list of extinction 
hypotheses that can be tested and refuted. Others include the idea that too 
many predatory types evolved. This can be refuted by examining the ratio 
between herbivorous and carnivorous dinosaurs through time. This brings us 
up to the event that was most commonly thought to be the cause of dinosaur 
extinction before the debate over extraterrestrial impacts and volcanic erup- 
tions began in 1980. 


TRIED AND TRUE? 


Before the debate about dinosaur extinction focused on impacts and volcan- 
ism, conventional wisdom long held that dinosaur eradication was due to cli- 
matic changes associated with changes in the configuration of the Earth's 
seas. Throughout the last part of the Age of Dinosaurs, shallow seaways cov- 
ered extensive areas of the continents, especially across Europe and North 
America. North America was essentially cut in half by a sea that extended 
from the Gulf of Mexico north to the Arctic Ocean. It is now called the Western 
Interior Seaway. Most of our evidence of Cretaceous dinosaurs and other ani- 
mals that lived in North America comes from fossils preserved in sediments 
that were laid down by rivers along the floodplains adjacent to this seaway. 
The floodplain stretched from the eastern flank of the ancestral Rocky 
Mountains on the west to the shallow sea on the east.® The subsequent uplift 
of the Rocky Mountains, coupled with erosion by rivers running out of the 
Rockies, exposed these ancient sediments across a wide swath of the western 
Great Plains. 

Evidence from fossil plants is critical to interpreting the ancient climate of 
the area. As inferred from living relatives of the fossil plants that lived on that 
floodplain, the climate was subtropical to tropical and quite equable.’ The 
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Maps of the Earth showing the 
distribution of continents (gray), 
oceans (white), and shallow continental 
seaways (hatched light green areas) just 
before the end of the Cretaceous Period 
(left) and at the beginning of the 
Tertiary Period (right). 
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days weren't too hot, nor the nights too cold. The summers weren't too warm, Maps of the western United States 
nor the winters too frigid. In general, the climate of the Earth was more uni- illustrating how the Western Interior 
form than it is today, as evidenced by the fact that there were no polar ice- Seaway retreated to the south and east at 


the end of the Cretaceous Period. Areas 


caps. Locally in the middle of North America, the seaway also acted like a k 
covered by the seaway are shaded in 


heat sink to buffer against climatic extremes. Abundant fossil evidence of i 
Wess A ! he green. The maps are based on geologic 
cold-blooded” vertebrates, such as crocodiles and amphibians, provide evi- evidence showing the geographic extent 
dence that the temperature didn’t drop below freezing, at least for very long. of marine and floodplain sediments 

In fact, the climate gradually warmed at the very end of the Cretaceous.8 at different times during the late 
Relatives of palms and Norfolk pines (more typical of Late Cretaceous floras Cretaceous. Moving from (a) to (e), 


found in southern Colorado and New Mexico) migrated north into areas like we travel forward in time toward the 
Montana and North Dakota. end of the Cretaceous. All together, the 
interval represents approximately the last 
4 million years of the Cretaceous. The 
time difference between (d) and (e) is 
about 1 million years. 


However, at the end of the Cretaceous, the seaways pulled back off the con- 
tinental margins and lowlands into the major ocean basins. No one is exactly 
sure why, although some ideas will be addressed in later chapters. What is 
clear is that over a period of 3 or 4 million years, when the seas retreated,? cli- 
mates would have became more extreme: warmer days, cooler nights; hotter 
summers, colder winters. 

Conventional wisdom had long held that the cold-blooded dinosaurs 
could not tolerate these extreme climatic changes and, as a result, suffered 
total extinction. On the surface, this scenario seems reasonable, but critics 
have raised a couple of simple counterpoints. 

First, look at some of the cold-blooded animals that survived: snakes, 
lizards, turtles, crocodiles. Why didn’t the freezing winters and torrid summers 
knock these animals out? Didn’t they also rely on the external climate to 
maintain a livable body temperature? It’s hard to see why the physiology of 
these vertebrates would not be adversely affected, whereas that of the 
dinosaurs was rendered too crippled to cope. Besides, many paleontologists 
now argue that dinosaurs were warm-blooded, not cold-blooded, meaning 
that they might have been able to maintain a fairly constant body tempera- 
ture regardless of the temperature outside. This is still a controversial issue, 
and we are still searching for uneqivocal evidence in the cellular structure of 
fossil bones or the presence of specialized nasal bones called turbinates that 
may allow us to decide for sure. Furthermore, critics point out that the shal- 
low continental seaways had retreated and advanced numerous times during 
the Age of Dinosaurs. So why did dinosaurs survive the climatic changes that 
were associated with those earlier fluctuations but not this one? Was it sim- 
ply more extreme? Some evidence suggests that it may have been, as we will 
see in Chapter 4. 
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We have now reviewed a significant number of earlier extinction hypothe- 
ses and found them wanting. They either proved to be untestable or unable to 
explain all the available geologic and paleontologic evidence. To try and solve 
the mystery, we must now turn to investigate the two competing hypotheses 
involved in the more recent extinction debate. But before evaluating all the 
detailed rock and fossil evidence, let us first provide a better image of what 
these volcanic and impact events might have been like, assuming that they 
both occurred. To do so, we will briefly set the Late Cretaceous scene just 
prior to and during these proposed extinction events. 
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Contrasting Volcanic 
and impact Hypotheses 


esis invokes catastrophic, extraterrestrial causes oper- 


ating in less than a few thousand years that were 
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Microscopic, single-celled, marine 
organisms like these coccoliths have 
distinctive fossil shells made of calcium 
carbonate. Many species, such as (c) 
and (d), became extinct during the 
Cretaceous-Tertiary (K-T) transition 

and were replaced by new forms in the 
early Tertiary, such as (a) and (b). The 
evidence for these changes can found 

in sequences of rocks that span the K-T 
boundary, like the one at Stevns Klint, 
Denmark (shown at left). The K-T 
boundary occurs about half way up the 
cliff. Fossils (a) and (b) are from Tertiary 
layers of limy chalk above the boundary, 
whereas (c) and (d) are from layers 
below the boundary. 
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triggered by the impact of a comet or asteroid. Both hypotheses suggest that Several kinds of marine animals without 
the extinctions at the end of the Age of Dinosaurs resulted from severe cli- backbones were also decimated near the 
matic effects and changes. They differ, however, in their identification of the end of the Cretaceous Period, including 


two kinds of clams—inoceramids 


triggering mechanism for those changes. ‘ 
and rudists. Also, a whole group of 


Are these hypotheses testable? To some extent, elements of both hypo- : A 
theses can be tested with the available geologic and paleontologic evidence animals polled a ae ha nena 
calli i extinct. Ammonites were fairly close 
The real question is, “Are they testable to an extent that will allow us to dis- evolutionary relatives of the living 
criminate between the effects of the two events?” In other words, “Can we nautilus. 
distinguish the alleged environmental effects of a catastrophic, extraterres- 
trially derived mechanism from those of a more gradual, terrestrially trig- 
gered one?” 
In evaluating the weight of the evidence in this case, there are three im- 
portant criteria that these extinction hypotheses must pass when tested. 
First, there must be geologic evidence for the mechanism, whether it is a 
catastrophic extraterrestrial impact or a series of massive volcanic eruptions 
that may have been associated with a gradual withdrawal of seaways off 
the continents. 
Second, the hypothesis must explain why the effects of that particular 
mechanism would have fatally affected the physiology of the organisms that 
went extinct but not the organisms that survived. This is a very complex prob- 
lem to address, because we are not just dealing with the extinction of many 
kinds of dinosaurs. In the oceans, Late Cretaceous species of single-celled 
plankton were especially hard hit. Also, many multicellular animals such as 
the nautiluslike ammonites, clams called inoceramids and rudists, plesio- 
saurs, and ichthyosaurs disappeared near the end of the Cretaceous. On 
land, the end of the Age of Dinosaurs records the extinction of numerous 
species of marsupials and some species of rodentlike mammals called multi- 
tuberculates. Pterosaurs and many other species of reptiles, fish, and lizards 
also perished. And in some areas, as many as 50 to 80 percent of the plant 
species apparently became extinct. 
Third, each hypothesis must clearly state how long it took for the mecha- 
nism to cause the extinctions. Then, we must find evidence in the rock and 
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fossil records to document that the extinctions actually happened as 
quickly as predicted by the hypothesis. In other words, we must tell time 
precisely enough to distinguish between the effects of more catastrophic 
and more gradual mechanisms. 

These are tall orders. Yet, only when all three criteria are met can 
we be assured of a scientifically satisfying solution to the mystery of 
these extinctions. 
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Several groups of vertebrates other than 
dinosaurs suffered extinction during the 
Late Cretaceous. They include the flying 
pterosaurs, the marine plesiosaurs, 
ichthyosaurs, and mosasaurs. 


CRETACEOUS PLANTS TERTIARY PLANTS 


To contrast these competing extinction scenarios involving volcanism, 
seaway retreat, and impact, we might travel back about 65 million years to 
see what might have happened if each of these events had actually tran- 
spired. The setting for each scene will be the long-lost coastal plain along the 
Western Interior Seaway that extended north from the Gulf of Mexico to con- 
nect with the Arctic Ocean. (A detailed listing of the references for the infor- 
mation included in these scenarios will be presented in Chapters 4 to 7.) 
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Although the extent of plant extinctions 
varied in different geographic areas at 
the end of the Cretaceous, numerous 
species suffered extinction in the 
middle of North America. Here, fossil 
leaves from three Cretaceous plants are 
contrasted with fossil leaves from three 
Tertiary plants. 


Fossil pollen from plants also can 
be used as evidence to document 
extinctions at the K-T boundary 

in central North America. Here, 
microscopic views of pollen grains 
preserved in Cretaceous rocks are 
contrasted with similar views of 
Tertiary pollen grains. All specimens 
are magnified 1,000 times. 
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A SCENARIO FOR GRADUAL EXTINCTION 
RESULTING FROM VOLCANISM AND THE RETREAT 
OF SHALLOW CONTINENTAL SEAWAYS 


The last summer day of the Cretaceous dawns like many others over the past 
half million years. The atmosphere is thick from ash and toxic gases spewed 
out of volcanoes in the rising ancestral Rocky Mountains to the west, as well 
as from widespread volcanic eruptions in India, the south Atlantic Ocean, 
and other areas around the globe. In India alone, these massive eruptions 
produced about 480,000 cubic miles (2 million km?)of basaltic lava, making 
this volcanic event one of the largest ever recorded in the 4.5-billion-year his- 
tory of the Earth. These flows of lava, piled one on top of the other, are over 
1.5 miles (2.4 km) thick in some places. In total, they cover an area larger than 


(Above left) During the Late Cretaceous, 
volcanic ash and toxic pollutants erupted 
out of volcanoes involved in the uplifting 
of the ancestral Rocky Mountains. 


(Above right) Between 66 and 65 million 
years ago, the landscape of southwest 
India resembled a toxic calderon of lava 
erupting from huge fissures in the crust of 
the Earth. Today, these flows form a huge 
geologic province called the Deccan 
Traps. 


Horned dinosaurs, such as Triceratops, 
were common elements of the fauna 
along the shore of the Western Interior 
Seaway. Hundreds of their skeletal 
remains are preserved in the Hell Creek 
and Lance Formations of Montana, 
Wyoming, and the Dakotas, as well as in 
the Scollard and Frenchman Formations 
of Alberta and Saskatchewan. 
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TYRANNOSAURUS 


ANATOTITAN 


The other common group of large, 
plant-eating dinosaurs at the end of 
the Cretaceous was the duckbills, such 
as Anatotitan. Both Triceratops and 
Anatotitan may have been important 
prey items for the top predatory 
dinosaur of the time, Tyrannosaurus. 


present-day California. Trillions of tons of toxic pollutants, such as carbon 
dioxide, sulfur, and chlorine, have been injected into the atmosphere. 
Over time, as a result of deteriorating environmental conditions across 
the coastal plain and around the globe, the once-thriving populations of 
the horned dinosaurs, such as Triceratops, have dwindled. So have those of 
duckbills, such as Anatotitan, and their predatory nemesis, Tyrannosaurus. 
The flora and fauna living along the lush coastal floodplain have 
been subjected to episodes of corrosive acid rain catalyzed 
by the air pollution from the eruptions. As if the ash 
and toxic gases weren't enough, temperatures 
have gradually changed, too. For hundreds of 
generations, the Western Interior Seaway 
acted like an environmental cushion, 
helping to keep the temperature and Anes 
humidity in a comfortable subtrop- Bae NAY 
ical range that provided the 
dinosaurs with abundant water 
and food. But a million years 
ago, the shoreline began to 
recede back off the conti- 
nent into the major ocean 
basins. Over the last 50,000 
years, that retreat accelerat- 
ed. Consequently, days became 
hotter, and nights became cold- 
er; summers grew warmer, and 
winters grew cooler. Rates of 
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precipitation also changed. During the warmer times of the year, the temper- 
ature rose to uncomfortable levels as the result of global warming generated 
by the volcanic particulates and aerosols. 

These environmental changes decimated the herds of duckbills, and in 
turn extinguished the fearsome carnivore that preyed on the duckbills, 
Tyrannosaurus. But on this day 65 million years ago, the last Triceratops, weak- 
ened by the extreme heat of the noonday sun and the choking dust gener- 
ated by an eruption the night before, rolls over on its side and breathes 
its last, finally terminating a lineage that had ruled the continents for over 
150 million years. 


This hypothetical scene from 65 million 
years ago shows a herd of duckbills 
watching a comet or asteriod streak 
through the atmosphere shortly before it 
impacts near present-day Yucatan. 


CONTRASTING VOLCANIC AND IMPACT HYPOTHESES 


A SCENARIO FOR SUDDEN CATASTROPHIC 
EXTINCTION RESULTING FROM IMPACT 


Now, try to envision that very same coastal floodplain as if the catastrophic 
impact hypothesis were true. The summer night is calm and pleasant, punc- 
tuated only by the occasional grunts and snorts from a sleeping herd of 
horned dinosaurs. Through the stand of conifers adjacent to the herd, a bull 
tyrannosaur slowly and intently stalks toward a plump and peacefully sleep- 
ing juvenile near the herd’s edge. 

Just as the bull edges within striking distance, the southern sky is ignited 
by a meteor many times brighter than the Sun. It streaks across the Carib- 
bean sky at somewhere between 50,000 and 150,000 miles per hour (80,000 
and 250,000 km/h), ripping completely through the Earth’s atmosphere in a 
matter of a few seconds. The whole herd awakens instantly and, in startled 


A pterosaur flies peacefully over the 
tropical landscape at the moment 

of impact, as the asteroid or comet 
smashes into the shoreline of the Yucatan 
Penninsula at the end of the Cretaceous. 
A gigantic crater, buried under the 
surface in that region today, represents 
evidence for this event. 
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panic, stampedes in the opposite direction, ignoring the tyrannosaur fleeing 
in their midst. 

To the south, the Earth is rocked by the shockwave from the tremendous 
impact near present-day Yucatan. The 6-mile-wide (10 km) meteorite hits near 
the shoreline of the Gulf of Mexico generating explosion temperatures of 
several thousand degrees and pressures equal to 1 million times those nor- 
mally created by the weight of the Earth's atmosphere. It initially excavates a 
crater between 50 and 60 miles (~80 and 100 km) across and between 13 and 
25 miles (~21 and 40 km) deep. An earthquake of magnitude 13 is generated— 
1 million times greater than the strongest earthquake ever recorded in human 
history. The explosion is equivalent to exploding 10,000 times the number of 
nuclear weapons contained in all the world’s arsenals at the peak of the Cold 
War. It blasts 5,000 cubic miles (~21,000 km?) of material out of the crater, 
400 cubic miles (~1,700 km?) of which is launched into orbit around the Earth 
at a velocity equal to 50 times the speed of sound. This is 1,200 times the 
amount of volcanic ash that was erupted out of Mount St. Helens. Part of the 
Earth’s atmosphere is literally blasted away by the ejected debris. 

The destructive force of the impact along with the 250- to 300-foot-high 
(75- to 90-m-high) tsunamis that it triggers instantly decimate organisms liv- 
ing nearby. Within a few hours, the tsunamis (commonly called tidal waves) 
strike other shorelines around the Gulf of Mexico, eradicating near-shore com- 
munities living hundreds or even thousands of miles from the impact point. 

As orbiting particles reenter the remaining atmosphere, they heat it to 
levels comparable to “broiling” temperatures in your oven. Wild fires are ig- 
nited across several regions of the globe. Even at a distance of several thou- 
sand miles, the environment along the Western Interior Seaway is severely 
stressed. 

Then, over the next several months after this initial incineration, the 
atmosphere becomes so choked with debris that no sunlight can penetrate 
to the ground. Without the warmth and rays of the Sun, temperatures plum- 
met below freezing for one to six months. The surviving plants on which Tricer- 
atops fed, soon die. With the death of its food source, the Triceratops herd per- 
ishes, and with the death of the herd, so does the last Tyrannosaurus in these 
gloomy last moments of the Cretaceous. Though dinosaurs had dominated 
the Earth for 165 million years, they disappeared in a geological instant of 
global cataclysm. 

These are both riveting, sensational scenarios. But in our role as scientific 
detectives, can we find evidence in the geological and paleontological re- 
cords to confirm that they really happened? That quest will be the focus of 
the next three chapters. 
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Enormous Èru ptions 


and Disappearing Seaways 


to link this iem with the dramatic enviror 
changes iat ave aecompanse E retreat 
ENT seaways. Over the last half o the twentieth 
century, a number of — processes (such as volcanism, 
earthquakes, and the conmeertion of the oceans and 
continents) have been tied to the mechanisms of plate 


tectonics. Plate tectonics emerged as the predominent 
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model for explaining changes on the Earth and has 
revolutionized the way that both geologists and pale- 
ontologists view Earth and evolutionary history. It has 
even assumed an important role in explaining the dis- 
tribution of plants and animals around the planet. So, 
before embarking on a detailed examination of the 
evidence for volcanism at the end of the Cretaceous 
Period, let us briefly introduce a simplified summary 
of how plate tetonics works. 


EARTH STRUCTURE AND 
PLATE TECTONICS 


As the Earth cooled after forming 4.5 billion years ago, 
it divided into several layers, including the core at the 
center, the mantle in the middle, and the crust at the 
surface. The rocky crust is the lightest layer, and it 
essentially floats on the lower denser layers. Basically, 
the crust is composed of minerals containing rela- 
tively light elements, such as silicon, aluminum, and 
potassium. It is actually extremely thin, averaging 
about 6 miles (10 km) under the oceans and about 
25 miles (about 40 km) under the continents. The 
mantle extends from the base of the crust to the core, 
in other words, down to about 1,800 miles (2,900 km). 
The mantle is more dense than the crust because the 
minerals that make it up contain more heavy atoms. 
These include iron, magnesium, and even a little irid- 
ium (an element that will become very important to 
our discussion about possible K-T impacts). The core 
is even more dense than the mantle and is thought to 
be composed primarily of iron. 

The mantle appears to circulate material in two 
layers of large convection cells—each cell moving 
material in a manner similar to that seen in a boiling 
pot of syrup.1 This convection, presumably fueled by 
the release of radioactive energy within the core, is 
thought to drive the motions of continents as they 
drift across the surface of the Earth as part of plate 
tectonic activity. Most of the movement within the 
mantle that drives the continents is thought to oper- 
ate within the upper 400 miles (650 km). 

In essence, one might think of plate tectonics in 
terms of a gigantic recycling process for the Earth’s 
crust. As material in the mantle heats at the base 
of the upper layer of convection cells, it rises toward 
the surface of the Earth. There, it erupts through frac- 
tures or rifts, spreading the plates of the crust apart. 
New crust is created along such spreading centers, 
and older crust is pushed off to the side. One promi- 


Lithosphere 
(0-70 km) 


Asthenosphere 


Continental crus 
(70-250 km) 


(0—40 km) 


Transition zone 
(350-700 km) 


Solid 
iron core 
(4980-6370 km) 


Oceanic crus 


Liquid iron core (0-10 km) 


(2900-4980 km) 


Lower mantle 
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The Earth’s interior is divided into several different layers. 
Both the continents and the ocean floors are plates, parts of 
the crust formed by the lithosphere. The asthenosphere, a ductile 
layer on which the plates float, lies below the lithosphere. The 
asthenosphere forms the lower part of the crust and upper part 
of the mantle. The lower part of the mantle lies above the Earth’s 
core. The depth of each layer is shown. 
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This surface map of the Earth’s 
continents and ocean basins shows 
the areas of major volcanic activity 
at the time of the K-T transition. 


nent spreading center is represented by the Mid-Atlantic Ridge, which runs 
from above Iceland all the way down below the southern tips of Africa and 
South America. When two plates collide, one dives beneath the other, and 
cooler mantle material descends back down toward the core. These areas 
are called subduction zones. One subduction zone borders the west coast 
of South America, where that continent overrides the floor of the Pacific 
Ocean. In essence, new crust is generally created at spreading centers, 
whereas old crust is melted and recycled at subduction zones. In addition 
to areas where crust is created and destroyed, plates can simply slide past 
one another at the Earth’s surface. The San Andreas Rift, which cuts across 
the western edge of California, is an example of such a boundary between 
plates. Earthquakes are generated when the rocky plates fracture and rup- 
ture as they move past one another or where molten bodies of rock move 
toward the surface. Now, how does the volcanism at the K-T boundary reflect 
the actions of plate tectonics? 


; : Silicic Spreading, 
Marginal basin Volcanic continental a creating of 
spreading ee Subduction crust Sediments lithosphere 


and basaltic at ridge-rift axis 


trench ocean crust 


, rigid 


Asthenosphere 


i Melting of ocean: hot, partially melted, ome hot © 
-crustand ee an ü 


weak F 


p oe l This cross section through the upper 
layers of the Earth illustrates how plates 
move apart at spreading centers and 
how one plate dives under another at 
subduction zones. Volcanic activity and 
earthquakes are most common at 
spreading centers and subduction zones. 
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Mid-Atlantic Ridge 


The plates of the Earth’s crust form the 
continents and ocean floors. They move 
across the Earth’s surface as the result 
of plate tectonic forces generated by 
convection within the mantle. Plates 
move apart at spreading centers, such as 
the Mid-Atlantic Ridge. At subduction 
zones, like the oceanic trench off the 
west coast of South America, one plate 
dives down under the adjacent one and 
Inner core . melts. In this way, the Earth’s crust is 
M continually being recycled. 


Ocean 
trench Æ 


THE DECCAN TRAPS AND OTHER 
CRETACEOUS-TERTIARY VOLCANIC EVENTS 


As early as 1972, a geologist named Peter Vogt of the Naval Research Labora- 
tory in Washington, D.C., recognized that the extinctions at the end of the 
Age of Dinosaurs coincided with a tremendous increase in volcanic activity 
throughout the world.* Huge volumes of basaltic lava erupted and flooded over 
large areas on the floor of the Indian Ocean and India itself, as it drifted north- 
ward because of plate tectonic activity toward a collision with Asia. Basalt is 
the dark volcanic rock such as that generated by Hawaiian volcanoes in the 
Pacific. Vogt is now said to favor the impact hypothesis, but others have 
picked up on his original idea. Research relating these massive eruptions to 
dinosaur extinction has been spearheaded by Charles Officer and Charles 
Drake of Dartmouth College in the United States, as well as by Vincent Cour- 
tillot at the Institute of Physics of the Earth in France.*© 

Although about 15 percent of the Indian eruptions may have been cata- 
strophically violent, most are thought not to have been terribly energetic. 
Nonetheless, the resulting lava flows document one of the largest single vol- 
canic events in the history of the Earth. The scale of the eruptions is dumb- 
founding even to geologists. Over a 500,000 year interval between 66 million 
years ago and 65 million years ago, almost 480,000 cubic miles (2,000,000 km?) 
of molten lava flowed out of cracks and fissures in the Earth’s crust near the 
present-day Indian coast and flooded hundreds of miles inland.©? As a result 
of the plate tectonic movements that have occurred since the end of the Age of 
Dinosaurs, some of these lava flows are now exposed along the western coast 
of India, while others form the seabed of the Indian Ocean around the present- 
day Seychelles Islands. 

These flows make up a geologic feature called the Deccan Traps. The name 
carries a descriptive significance: In Sanskrit, Deccan means “southern,” which is 
appropriate because the flows are now situated along the southwest coast of 
India. In Dutch, trap means “staircase,” which refers to the steplike pattern that 
typifies the erosional surface of the flows piled one on top of the other. At some 
localities, the sequence of flows is over about 8,000 feet (2,400 m) thick.® This 


is more than 25 percent of the height of Mount Everest, which began to rise 
later as India slammed into Asia between 40 and 60 million years ago. The lava 
may have originally covered an area larger than California.!' On average, it is 
estimated that the flows erupted at a rate of between 1/2 and 2 cubic miles 
(about 2 to 8 km?) annually.!? Individual lava flows in the Deccan Traps average 
between 33 and 164 feet thick (about 10 to 50 m), although the most extensive 
ones attained a thickness of almost 500 feet (150 m). 

The question of how long individual eruptions lasted is controversial.!? Vol- 
canologists including Donald Swanson of the U.S. Geological Survey original- 
ly interpreted the geologic evidence to suggest that individual flows occurred 
over a matter of a few days. More recently, however, Stephen Self of the Uni- 
versity of Hawaii and his colleagues have argued that the evidence suggests 
that the individual eruptions may have lasted a year or longer. 

Much scientific interest and debate has surrounded the question of how 
such monumental volcanic events were generated. Recent research has pro- 
vided strong evidence that the Deccan Traps represent the end product of a 
slowly ascending, gigantic plume of molten rock or magma from deep within 
the Earth. This plume may have originated as deep as the boundary between 
the core and the mantle.!4"!” 


Arabia 


65 million years ago 


Two maps contrasting the lava flows of the Deccan Traps 
as they existed 65 million years ago and as they exist today. 
The splitting of the flows occured as India drifted toward 
Asia as the result of the action of plate tectonics. 


This rugged landscape shows some typical 
exposures of volcanic rock that outcrop 
as part of the Deccan Traps in India. The 
steplike nature of the exposures is created 
by erosion of the individual lava flows, 
which are piled one on top of the other. 


Deccan 
Traps 


As early as the 1960s and 1970s geologists and geophysicists, such as 
W. Jason Morgan of Princeton University, proposed that flood basalts repre- 
sented plumes of magma that arose from within the Earth's mantle.'® The 
reason that this was suspected was because the chemical composition of the 
flood basalt that makes up the flows is similar to the composition of the 
material that geologists believe makes up the mantle. However, the evidence 
for the deep origins of this magma was not strong. 

The scenario involving the origin of flood basalts goes like this. A tremen- 
dous amount of heat is released from the mantle through volcanism at 
spreading centers. In fact, this is generally how heat is released from inside 
the Earth. About one tenth of the heat escaping from the mantle, however, 
arises from deep-seated, thin “roots” that extend all the way down to the 
boundary between the mantle and the core.!? Because these thin plumes are 
warmer than the surrounding mantle material, they rise until they reach the 
base of the crust. As they rise, a spherical head forms at the top of the plume 
as it forces its way up through the cooler surrounding material of the mantle. 
As the plume reaches the base of the crust, it spreads out, creating a mush- 
room-shaped body of material. The force of the rising plume with its mush- 
room-shaped head lifts a large area of the overlying crust, making it thinner 
and fracturing it as it is lifted.2°-2* Because the pressures at these shallower 
depths within the Earth are much less than those near the core, the plume 
decompresses and the rock partially melts. As it nears the surface of the 
crust, the volatile gases dissolved in the magma are released, somewhat 
like the effect generated by opening a bottle of soda or champagne. The 
upwelling lava then spews out from the fractures in the uplifted crust. The 
place where the lava erupts on the surface is called a hot spot. Once erupt- 
ed, the lava floods downhill over the Earth’s surface to form new crust. 

Some geologists, including Vincent Courtillot, have argued that the record 
of magnetic reversals at the end of the Cretaceous also conforms to the sce- 
nario outlined above.” That argument proceeds as follows: the molten iron 
and nickel in the Earth’s outer core is thought to circulate slowly by means of 
convection at a rate of about 6 miles (10 km) per year. In turn, these move- 
ments are thought by many earth scientists to produce the Earth’s magnetic 
field. Unstable conditions that occasionally arise at the boundary between 
the mantle and core are believed to cause the reversals of the Earth’s mag- 
netic field, a phenomenon mentioned in Chapter 2. These unstable boundary 
conditions apparently result from the release of heat from the core into the 
mantle. As heat generated by radioactive decay radiates out of the core, the 
lower layer of the mantle heats up and becomes less dense. From time to 
time, this lowest layer of the mantle, called the “D-layer,” becomes so thick 
and light that instability results and large volumes of material are released 
to rise as plumes of magma. As the D-layer grows thicker, reversals in the 
Earth's magnetic field are few and far between, such as the long interval of 
normal polarity that existed between about 120 million years ago and 80 mil- 
lion years ago. At the end of that period, which is called “The Cretaceous 
Long Normal,” the D-layer apparently became unstable and broke up releas- 
ing enormous plumes of magma rising within the mantle. As the exchange of 
heat from the core to the mantle increased, reversals in the Earth's magnet- 
ic field resumed on a more frequent basis. Presumably it took millions of 
years for the largest of these plumes to reach the surface of the Earth, result- 
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ing in the hot spot eruptions that formed the Deccan Traps and the undersea 
plateau around the Seychelles Islands. 

Most of the lava flows of the Deccan Traps erupted over a period of about a 
half a million years between 66 and 65 million years ago in a series of massive 
pulses. According to Asish Basu from the Univeristy of Rochester and his col- 
leagues, the earliest eruptions began about 68.5 million years ago, and the lat- 
est volcanic activity ended about 64.9 million years ago.7*.2? However, activity 
near the original point of eruptions continues even today in the form of a vol- 
cano called Piton de la Fournaise on Reunion Island in the Indian Ocean. In 
essence, the plume that reached the surface of the Earth’s crust about 66 mil- 
lion years ago has created a hot spot for volcanic activity ever since. 

The Deccan Traps, although the largest-known volcanic event at the end of 
the Age of Dinosaurs, was by no means the only one.?© More volcanism is 
recorded in deposits at the bottom of the South Atlantic Ocean near Antarc- 
tica. The volcanic rocks of Cretaceous-Tertiary (K-T) age form part of the 
Walvis Ridge that ends at the volcanic island of Tristan da Cunha. In all, the 
ridge comprises a largely submerged mountain range that resulted from the 
eruption of another plume of magma that began before the end of the Creta- 
ceous but remained active during the K-T transition. F. L. Sutherland of the 
Australian Museum identified as many as eight other centers of hot-spot vol- 
canism in the southern Atlantic, as well as in southern Africa and eastern 
South America, which may have been active during the K-T transition. Precise 
radioisotopic dating has yet to pin down the ages of these eruptions very pre- 
cisely, however. 
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This surface map shows the present-day 
locations of the major oceanic and 
continental plates. 
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More evidence for K-T volcanism is found in another part of Africa.” Cross- 
ing the west coast of central Africa is a linear deposit of basalt that began to 
erupt about 65 million years ago. It is called the Cameroon line, and it appears 
to be linked to nearby faulting that served to separate Africa from South Amer- 
ica. These eruptions are thought to have been generated by another plume 
from the mantle. 

Further north, the hot spot now associated with the volcanic activity in 
Iceland may have originated under Greenland and helped initiate the plate 
tectonic separation of Europe and North America from Greenland.?’ The lat- 
est recalculations of the age of this activity suggests that the volcanism 
began near the K-T transition, although much of the volcanism occurred 
later in the Tertiary. 

In the central Pacific lies a familiar string of islands long recognized to have 
been created by hot-spot volcanism—the Hawaiian Islands. The oldest major 
eruptions that formed the Hawaiian-Emperor chain appear to have begun 
about 65 million years ago.2® However, most of the islands are younger in age. 

Off the northeast coast of Australia, an intensive episode of hot-spot vol- 
canism is thought to have begun about 65 million years ago at rifts that began 
to open up the Coral and North Tasman seafloors. Other volcanic provinces 
associated with plate tectonic activity in Australia during the K-T transition 
include the Bass Basin and the main segment of the Tasman rift.2? 

Not all geologists agree that these volcanic plumes come from deep with- 
in the Earth, as proponents of volcanic extinction scenarios suggest. Don 
Anderson, a geophysicist at the California Institute of Technology, argues 
that flood basalts arise at depths of no more than 250 miles.!! But what evi- 
dence is there to suggest that they originate from near the core-mantle 
boundary? Much of the work is based on analyzing different forms, or iso- 
topes, of the atom helium.?°-?? This is a fascinating scientific detective story 
whose roots extend all the way back to the origin of the universe at the Big 
Bang about 15 billion years ago. 

In some ways this apparent tie between the most momentous volcanic 
events on Earth and the most momentous event in the universe seems quite 
fitting. Cosmological models suggest that a particular kind of helium atom, 
termed helium-3, was created within the first two minutes after the Big Bang 
initiated our universe. Along with hydrogen, which was created at the same 
time, helium-3 comprised one of the two basic components from which 
galaxies and stars were eventually formed, including our solar system with its 
Sun and planets. Helium-3 was also incorporated into the Earth as it grew, or 
accreted, about 4.5 billion years ago by gravitationally attracting smaller 
objects, such as comets and asteroids. However, helium is not common in 
the rocks of the Earth’s crust because it is so light, as evidenced by helium 
balloons which tend to float annoyingly away as any child can tell you. Sim- 
ilarly, helium escapes from the pores in rocks as they are eroded and broken 
during the process of weathering and remelting as igneous rocks are recon- 
stituted into sedimentary and metamorphic rocks. 

In the late 1960s and early 1970s, small traces of helium-3 were found in 
emissions from spreading centers under the ocean.?? It was concluded that 
these traces were derived from material that had risen from within the mantle 
where it had been trapped since the early stages of the Earth's formation. In 
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addition, relatively large amounts of helium-3 were discovered to be coming 
out of hot-spot volcanoes such as the one now located at Reunion Island, 
which represents the remnant of the source for the Deccan Traps. In the late 
1980s, this led geochemist Asish Basu and his colleagues to carefully analyze 
the atomic composition of some of the earliest-known rocks erupted in the 
Deccan Traps. Amazingly, in some relatively unweathered samples of these 
rocks, relatively large traces of helium-3 were found to have been preserved in 
microscopic bubbles that formed inside the rock as it cooled and solidified 
before it could reach the surface and be released into the atmosphere. To Basu 
and many other geologists this represents strong evidence that the plume 
responsible for the Deccan eruptions originated at the base of the mantle near 
its boundary with the core. 

Robert White and Dan McKenzie at the University of Cambridge have 
suggested that the rising plumes of magma that fed these huge volcanic 
eruptions served to lift the continents up and assist the process of conti- 
nental breakup, or rifting.** According to the late Anthony Hallam of the 
University of Birmingham, such uplift may have had a role in causing the 
long-recognized retreat of shallow continental seaways back into the major 
ocean basins at the end of the Cretaceous.” To support the proposal that 
these plumes could have uplifted the continents and eventually caused the 
retreat of the shallow seaways, proponents like Hallam have noted that topo- 
graphic high spots on the crust are associated with areas where plumes are 
rising to the surface today, such as around the Hawaiian Islands. This idea 
has yet to be thoroughly tested. It should be noted, however, that in some 
areas where seaways retreated, such as North Africa and Europe, no plumes 
appear to have been actively generating eruptions during the K-T transition. 
In addition, some of the K-T volcanic activity, including that at the Walvis 
Ridge and the part of the Deccan eruptions now located near the Seychelles 
Islands, occurred on the seafloor. Such seafloor eruptions would seem to have 
raised rather than lowered sea levels. 

Finally, numerous layers of siltstone and mudstone, rich in altered volcanic 
ash derived from eruptions associated with the uplift of the ancestral Rocky 
Mountains, are preserved in ancient floodplain sediments now exposed in 
Wyoming, Montana, North Dakota, South Dakota, and Alberta. These were 
deposited by rivers along the shoreline of the Late Cretaceous seaway that 
bisected North America. Most beds are not pure volcanic ash. They have been 
washed around with other sediments on the floodplain adjacent to the sea- 
way. Nonetheless, a good deal of this material was probably erupted between 
70 and 65 million years ago. 

Personally, this is one of our favorite field areas in the world. We have been 
making annual pilgrimages to study the rocks and fossils exposed in these 
rugged badlands ever since we became students at Berkeley. The ash-rich 
rocks are noted for the “popcornlike” texture found on the surface of these 
exposures. After the volcanic ash weathers to clay, it can expand by absorbing 
large quantities of rain water, the way a dry compressed sponge does when it 
is placed in water. This expansion creates the popcornlike surface texture. If 
you try to walk or drive across these exposures when they're wet, forget it. The 
rain transforms them right back into a Cretaceous swamp, and you'll either get 
stuck or fall flat on your behind before you can blink. 


40 


THE SEARCH FOR THE SMOKING GUN 


These beds form the rock units called the Hell Creek and Lance Formations, 
and they are world famous for the fossils that they contain. From these expo- 
sures, paleontologists and public alike got their first glimpses of the three- 
horned dinosaur, Triceratops, and the “king” of the dinosaurs, Tyrannosaurus. As 
we shall see in Chapter 7, fossils from these rock units provide one of the 
most complete pictures of biologic change on the continents during the K-T 
transition known from anywhere in the world. 

Working with our former classmate, Carl Swisher of the Berkeley 
Geochronology Center, we collected samples from several layers of altered 
volcanic ash near the K-T boundary in this region. Previously, age estimates 
for the boundary had ranged between 64 and 66 million years ago. Based on 
our radioisotopic dating of minerals in these layers, the last dinosaurs and 
Cretaceous plants lived in this area slightly before 65.01 million + 30,000 years 
ago.26 Our date coincides with the final phases of Deccan volcanism, which 
ended at 64.96 million + 110,000 years ago.?’ This suggests, but certainly does 
not prove, that the environmental effects of the Deccan eruptions could have 
been linked to the K-T extinctions. What would the environmental effects of 
the eruptions have been? 


ENVIRONMENTAL EFFECTS ASSOCIATED 
WITH THE ERUPTIONS 


As mentioned earlier, shallow continental seaways helped maintain the 
equable, subtropical environments in which the dinosaurs thrived. However, 
over a period of about 100,000 years at the end of the Cretaceous, as the seas 
rapidly retreated, climates became more extreme. 

Vincent Courtillot, Charles Officer, Charles Drake, and Anthony Hallam 
argue that all this K-T volcanism could have spewed tremendous quantities 
of dust and sulfate aerosols into the atmosphere, generating both long- and 


Exposures of the Hell Creek Formation 
in east-central Montana contain over 
200 feet of bentonitic siltstones, 
mudstones, and sandstones. Many of 
these layers were derived from volcanic 
ash erupted out of the ancestral Rocky 
Mountains, which were rising about 
100 miles to the west. 


ENORMOUS ERUPTIONS AND DISAPPEARING SEAWAYS 


short-term effects.*®? Shortly after major eruptions, the emissions of dust, 
sulfur dioxide, and other gases could have caused acid rain, acidic layers of 
water near the surface of the oceans, a cooling of air temperatures, depletion 
of the Earth’s ozone layer, and possibly darkness. 

The estimated amounts of pollutants that would have been injected into 
the atmosphere by the sequence of eruptions that formed the Deccan Traps 
are truly staggering: up to 33 trillion tons (30 trillion metric tons) of carbon 
dioxide, 6.6 trillion tons (6 trillion metric tons) of sulfur, and 66 billion tons 
(60 billion metric tons) of chlorine and fluorine molecules.*° An initial cool- 
ing of the global climate of between 5 to 9 degrees F (3 to 5°C) would be trig- 
gered by the volcanic ash and sulfur emitted by a single Deccan eruption gen- 
erating 240 cubic miles of lava (1,000 km?). Sunlight to the Earth’s surface 
would be cut substantially, inhibiting photosynthesis. Emissions of sulfur 
dioxide would turn the surface layers of the ocean into acidic baths, killing 
the microscopic organisms that normally process carbon dioxide in the 
atmosphere. Over the long term, the carbon dioxide rose to levels eight times 
that found in today’s atmosphere, increasing the average global temperature 
as much as 9 degrees F (5°C) as the result of the greenhouse effect. As with 
earlier hypotheses involving the retreat of seaways, proponents of the vol- 
canic scenario argue that the dinosaurs could not tolerate these toxic envi- 
ronmental conditions or climatic extremes and perished in the face of pro- 
longed environmental stress. 

However, critics respond: Why didn’t the freezing winters and torrid sum- 
mers extinguish turtles, snakes, lizards, and crocodiles—animals that are at 
the mercy of the climate to maintain a livable body temperature? They were 
all around at that time. It’s hard to see why the physiology of those reptiles 
wasn't affected, whereas that of the dinosaurs was decimated. In addition, 
this was not the first time that large volcanic events had occurred during the 
Age of Dinosaurs. Why did dinosaurs survive earlier ones, but not this one? 


COINCIDENCE BETWEEN OTHER LARGE VOLCANIC 
EVENTS AND MASS EXTINCTIONS 


The K-T extinction episode is not the only mass extinction in evolutionary 
history that appears to be associated with an enormous volcanic event that 
resulted from plumes within the mantle.4!~*? The largest mass extinction in 
history occurred about 250 million years ago at the end of the Paleozoic Era 
and the beginning of the Mesozoic Era. This episode is believed to have 
extinguished as many as 95 percent of all the Earth’s species living at that 
time.*4-47 Ironically, it was the extinction of early relatives of mammals, the 
dominant land animals of their time, that most paleontologists believe was 
responsible for creating the empty ecological niches which were filled by the 
dinosaurs after their origin about 230 to 240 million years ago. 

The most enormous outpouring of continental flood basalts in the histo- 
ry of the Earth also occurred at that time. The Siberian Traps in Russia docu- 
ment that event. The amount of lava erupted to form the Siberian Traps was 
truly mind-boggling—up to 720,000 cubic miles (3 million km?). If the lava 
had spread itself evenly across the entire surface of the Earth, it would have 
left a layer of basalt up to 10 feet (3 m) thick.*® 
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The Siberian Traps are the site of 
the largest volcanic event in the 
Earth’s history. It happened at the 
end of the Paleozoic Era about 
250 million years ago. 
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Paul Renne of the Berkeley Geochronology Center, along with Asish Basu 
and their colleagues, have established that the volcanism that generated the 
Siberian Traps began around 253 million years ago. However, the main pulse 
of eruptions began about 250.0 + 0.3 million years ago.*?.°° The time of the 
extinctions was 250.0 + 0.2 million years ago. Consequently, within our abil- 
ity to tell time at the end of the Paleozoic, the dates are indistinguishable, 
suggesting that the eruptions could have caused the extinctions. Renne and 
his colleagues argue that the Siberian eruptions could have produced enough 
sulfur-based aerosols to cause acid rain and rapidly cool the global climate, 
generating polar ice caps. Ice cap formation could have initially led to a retreat 
of the seas, aided by the uplift generated by the enormous rising plume. Such 
environmental disruption is blamed for the massive extinctions. To date, no 
compelling evidence for an extraterrestrial impact at the Permian-Triassic 
boundary is known. 

Although all the environmental effects associated with these large vol- 
canic events are possible and may have caused the K-T extinction of many 
kinds of dinosaurs, this plethora of potential “killing mechanisms” presents 
us with a difficult problem. As the number of killing mechanisms increases, 
the scenario becomes more complicated, and it becomes even harder to test 
and pinpoint which mechanism, or combination of mechanisms, resulted in 
the extinction of a particular group of animals or plants. A wealth of ways to 
die doesn’t necessarily lead to a clearer picture of why. Besides, with all these 
potential ways to become extinct, why were the plants and animals that sur- 
vived not affected? The reasons for their physiological tolerance are difficult 
to understand. In addition, not all large continental episodes of basalt floods 
appear to be associated with large extinction events. One is the Columbia 
River Basalts in Oregon, which erupted about 16 million years ago.*! Why are 
no extinctions associated with that event? Was it too small? 

These problems and questions leave many scientists perplexed. The vol- 
canic scenario for extinction just doesn’t seem to explain all the available 
evidence in the rock and fossil record. So, in the late 1970s and early 1980s a 
new hypothesis was proposed while we were graduate students at Berkeley. 
This revolutionary proposal linked the K-T extinctions to the impact 
of an asteroid or comet. But how strong is the evidence 
documenting that K-T impact? Chapters 5 and 
6 will examine the geologic record to 
evaluate that question. 


The skeleton of Moschops capensis, one 
of the larger early relatives of mammals 
that lived near the end of the Paleozoic 
Era. The lineage of these early relatives 
of mammals was severely affected by 
the extinction event at the end of the 
Paleozoic, an event which killed off as 
many as 95 percent of the species living 
on the Earth at that time. 
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on this same essential concept. In 1964, René Gallant wrote an essay on the 
geological and biological effects of meteorite impacts. In it he discussed 
the possibility that, as a result of associated changes in the Earth’s rotation 
and environmental damage such meteorite impacts could be the cause of 
mass extinctions. In addition to impacts, Dale Russell of North Carolina 
State University and Wallace Tucker of the Center for Astrophysics at Har- 
vard College Observatory proposed in 1971 that an explosion of a nearby 
supernova was the cause of dinosaur extinction.? In their scenario, organ- 
isms were exterminated by the lethal levels of radiation generated by the 
explosion. However, these early ideas involving extraterrestrial causes for 
extinctions on Earth had no tangible geologic evidence to back up the 
claims. They were just hypothetical scenarios, and as a result, none were 
taken very seriously. 

Since the end of the eighteenth century and beginning of the nineteenth 
century, the primary strategy that geologists have used to gain an under- 
standing of Earth history has been to use the “present as a key to the past.” In 
other words, those geological processes that we can see acting on the Earth 
today are most likely responsible for any evidence that we see preserved in the 
geologic record of the past. In general terms, this doctrine has become known 
as the principle of uniformitarianism. 

The story of how uniformitarianism became the dominant school of geo- 
logical thought is an interesting and informative one that continues to be 
debated and discussed two centuries after the fact. The story also has close 
ties to the contemporary debate between proponents of more catastrophic, 
extraterrestrially based scenarios and those favoring more gradual, terrestri- 
ally based ones. For it was at the end of the sixteenth century and the begin- 
ning of the seventeenth century that the geological schools of catastrophism 
and gradualism actually arose.?~> 

The chief proponent of the catastrophic school was the influential French 
anatomist, Georges Cuvier of the Paris Museum of Natural History. Working 
in the early decades of the 1800s, his meticulous studies of the fossil faunas 
in rock layers of the Paris Basin led him to conclude that repeated catastro- 
phes had been inflicted on the Earth and it’s biota. He was not sure what 
caused these catastrophes, but he was sure that he could document the 
effects of them. The ideas and evidence are laid out in his Essay on the Theory 
of the Earth, the third edition of which was published in 1817. 

Cuvier used a previously developed geological principle called the law of 
superposition. This principle generally states that rock layers are deposited 
sequentially one on top of the other, so that lower layers are older than high- 
er ones. Cuvier noted that the kinds of fossil organisms preserved in the dif- 
ferent layers of rock changed dramatically as one moved from a lower layer 
into the next higher layer of the sequence. He interpreted these changes to 
mean that each layer represented a distinct period of Earth history with its 
own distinctive fauna. The boundaries between the layers represented cata- 
strophes that wiped out all the previously existing organisms. Subsequently 
in the next higher layer, a new set of organisms appeared. 

Modern students of Cuvier's work disagree over how he viewed these cata- 
strophes. Some, such as William Berry of UC Berkeley, interpret Cuvier's writ- 
ings to suggest that he believed that during each catastrophe all of the previ- 


In the early 1800s, Georges Cuvier 
interpreted the sequence fossil faunas 
in rocks of the Paris Basin to represent 
a series of catastrophic extinction 
events. This marked the beginnings of 
the “catastrophic” school of biological 
changes. 


ously existing organisms suddenly became extinct, and a complete new set of 
organisms was created. Others, such as Anthony Hallam,’ have suggested 
that Cuvier believed the new faunas might have migrated into the area from 
other continents or seas. Part of this interpretive problem appears to be tied 
up with understanding Cuvier's leanings in relation to the prevailing religious 
beliefs of the time. Across the Channel in England many people interested in 
geological issues were also clergymen and devout believers in the literal 
translation of the great biblical flood. In fact, in the earliest translation of 
Cuvier's seminal work into English from French, the most recent of Cuvier's 
catastrophic episodes was thought to represent the flood documented in 
Genesis. Cuvier’s work was, therefore, of great interest to these clergymen 
because it could be easily rationalized with the religious teachings of the day. 
Whether Cuvier believed this himself is debated today.®? Whether he did or 
not, he was convinced of the sudden and catastrophic nature of the biologic 
turnovers he saw in the geologic record. 

During the same general time period, a distinctly different view of what 
the biologic changes between different rock layers meant was being devel- 
oped in England and Scotland by other contemporary geologists. Beginning 
in 1780s, James Hutton, a Scottish farmer and dedicated collector of fossils, 
brought into focus the idea that natural geological laws could be derived 
from studying modern geological processes and the deposits that these 
processes generated. 

In essence, he proposed that ancient geological deposits resulted from the 
same geological processes which we can see operating on the Earth today. His 
concepts were outlined in a talk to the Royal Society of Edinburgh in 1785 and 
eventually published as a book entitled Theory of the Earth in 1795. There, he stat- 
ed, “In examining things present, we have data from which to reason with 
regard to what has been; and from what has actually been, we have data for 
concluding with regard to that which is to happen hereafter.” Hutton traveled 
to many locations across the British Isles in search of fossils. As he did, he paid 
keen attention to the geologic processes that he could observe in operation. 
Although others had previously noted the same basic concept, Hutton is usu- 
ally given credit for laying the foundation of this principle of uniformitarianism. 

Hutton concluded that the geologic record had been generated by long 
episodes of rock formation and uplift, followed by erosion and the formation 
of younger layers of rock from previously existing rock. His observations were 
summed up in his statement that “The result, therefore, of our present inquiry 
is that we find no vestige of a beginning, no prospect of an end.”!° Hutton’s 
concept of an immense expanse of geologic time and history flew in the face of 
the prevailing religious doctrine. According to the authority of Bishop Ussher's 
religious dictates, the Earth was only 6,000 years old, it having been created by 
God in the year 4004 B.c. Hutton died two years after his work was published in 
its most expanded form. Not suprisingly, his ideas were severely criticized by 
the religious establishment. 

Nonetheless, Hutton’s themes were carried on in the ensuing early decades 
of the 1800s by a friend and colleague, John Playfair, a Professor of Mathe- 
matics at the University of Edinburgh, as well as by Charles Lyell, a Fellow in 
the Geological Society of London. Lyell’s Principles of Geology, first published in 
three volumes between 1830 and 1833, did much to influence the geological 
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community's view of how on-going geologic processes could be used to inter- 
pret past geologic deposits and events.!! In more detail than Hutton, Lyell 
extensively documented the processes of erosion and deposition to illustrate 
the uniformity of natural geological processes through time. He concurred 
with Hutton’s conclusion that the expanse of geologic time was much longer 
than the prevailing religious doctrines allowed. Because of the popularity of 
his textbook, Lyell is often cited as the father of uniformitarianism. 

In writing the Principles of Geology, Lyell appears to have had two primary 
items on his agenda. He wanted to counter the more catastrophic vision of 
Earth history embodied in the work of Cuvier, which had been adapted by 
some of his English colleagues for support of literal biblical rationalizations. 
Also, he sought to establish geology as a testable science based on empiri- 
cal natural laws. 

In attempting to counter Cuvier, Lyell argued that observable modern 
geologic processes operated at relatively constant or uniform rates rather 
than at varied rates that would generate catastrophic episodes of change. In 
essence, he argued that if the processes of volcanism, uplift, erosion, and 
deposition were allowed to operate constantly throughout the expanse of 
geologic time, they could easily explain the geologic structures and land- 
forms found both on the Earth today and throughout the geologic past. No 
appeal to sudden catastrophes was required. By the time of his death in 
1875, his goal had been fairly successfully accomplished. 

Thus for two centuries, the principle of uniformitarianism has dominated 
our thinking, ever since the seminal work of James Hutton, Georges Cuvier, 
Charles Lyell, and others laid the foundation to transform geology into a 
testable science. Recent reviews of Lyell’s brand of uniformitarianism have 
focused a critical light on some of his arguments. Steven Jay Gould of Har- 
vard University played an instrumental role in this reevaluation when he 
recognized that the concept of uniformitarianism actually represented two 
different ideas.'* Few geologists today agree with Lyell’s conclusion, now 
termed substantive uniformitarianism, that geologic processes have operat- 
ed at constant rates throughout geologic history. On the other hand, the 
other aspect of Lyell’s uniformitarianism, termed methodological uniformi- 
tarianism, forms the cornerstone for all geological research. Basically, it 
states that natural geologic laws have applied throughout the Earth's histo- 
ry so that no hypothetical unobservable processes need to be invoked to 
explain the existing geologic record. 

Because geologists have long focused almost exclusively on Earth- 
based observations and processes during their research, students have 
been cautioned to consider as bunk any catastrophic, extraterrestrial caus- 
es for geological phenomena observable on our planet. But the dawn of 
the Space Age in the latter half of the twentieth century called such Earth- 
centered approaches into question. Missions to the moon and planets 
produced a wealth of new data, including the undeniable effects of 
impacts on many objects in our solar system. In a very visceral and hyper- 
real sense, this exploration confirmed the Earth’s relation to other bodies 
in the solar system and the universe. In effect, it became increasingly clear 
that impacts of asteroids and comets on the Earth could be legitmately 
considered to be methodologically uniformitarian. 


Charles Lyell, often acknowledged 
as the father of modern geology, laid 
out the detailed geological evidence 
supporting uniformitarianism in his 
book entitled Principles of Geology. 


Then, in the late 1970s when we were entering Berkeley as graduate stu- 
dents, several geological clues were discovered that provided the first com- 
pelling evidence for a plausible extraterrestrial culprit in the extinction of 
dinosaurs. In a sense, history had turned on itself, and the old arguments 
between the catastrophists and the uniformitarianists (or gradualists) were 
once again ignited into a cacophony of scientific conflict. 

In a figurative sense, a meteorite had impacted just one floor above our 
offices in the Department of Paleontology, as a sensational new catastrophic 
extinction scenario was formulated and published by a group of researchers 
in the Department of Geology and Geophysics.!3 They were led by a Nobel- 
laureate physicist, Luis Alvarez, and his son Walter, a Professor in the Depart- 
ment of Geology and Geophysics. 

In both marine and terrestrial rock layers, or sequences, many of the plants 
and animals that became extinct at or near the end of the Age of Dinosaurs 
drop out of the record abruptly as one moves from lower, older rocks docu- 
menting the end of the Age of Dinosaurs up into higher, younger rocks repre- 
senting the beginning of the Age of Mammals. Such an abrupt disappearance 
of many forms of single-celled plankton in the marine limestones near Gubbio, 
Italy, led Walter Alvarez and his colleagues to wonder how long those extinc- 
tions really took.!4 

Between the white limestone representing the end of the Age of Dinosaurs 
and the pink limestone representing the start of the Age of Mammals lies a 
three-eighths of an inch thick (1 cm thick) bed of clay. Alvarez discussed this 
problem with his father and several of his father’s associates. In the end, they 
felt that they might get some idea of how long it took to deposit this layer of 
clay by looking at the concentration of an element called iridium. Iridium (Ir) 
is one of the platinum group elements and has an atomic number of 77. 

Iridium is not common in the rocks of the Earth's crust. It is a relatively 
heavy element that tended to sink toward the Earth's core as the planet 
cooled and differentiated into its aforementioned layers of different compo- 
sition and density at an early stage in its history. Most of the iridium present 
at the formation of the Earth appears to be combined as an alloy with iron 
and is now concentrated in the core. However, iridium is found in higher 
concentrations in some meteorites and comets, where the original chemical 
composition of the solar system is preserved. These smaller bodies were not 
large enough to go through the same process of chemical differentiation that 
our planet did. 

Nonetheless, small amounts of iridium continue to be deposited on the 
Earth’s surface in microscopic meteorites which continually bombard the 
Earth. One estimate suggests that the mass of the earth is increased, on the 
average, by 12,100 tons (11,000 tonnes) per year as the result of this constant 
cosmic bombardment.!? While falling through the atmosphere, most mete- 
orites burn up. However, a small percentage survive the descent to impact on 
both land and sea. By measuring how many of these small meteorites fall to 
Earth over a given period of time in our modern world, scientists can esti- 
mate how much iridium is brought in because they know the concentration 
of iridium in the meteorites. Then, by measuring the amount of iridium in the 
boundary clay, the Alvarez team felt that it could estimate how long it took 
for the clay to be deposited, assuming that the rate at which small meteorites 


The first Ir-rich layer ever discovered 
was in marine limestones exposed near 
Gubbio, Italy. The coin is laid on the 
clay layer containing the fallout from 
the impact. 
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hit the Earth today is similar to the rate at which they hit the Earth at the 
end of the Age of Dinosaurs. In retrospect, it’s extremely ironic to realize that 
this experiment represented a classic uniformitarian approach to solving the 
problem. The Alvarez team looked to the modern world for help in interpret- 
ing the ancient geologic record. Yet their experiment led to a very nonunifor- 
mitarian conclusion. 

Based on the amount of iridium measured in the boundary clay exposed in 
the outcrops at Gubbio, Italy, the calculations made by the Alvarezes and their 
colleagues suggested a disturbing result. A period of about 1 million years 
would have been required to deposit the boundary clay. This contradicted the 
amount of time available based on a conflicting line of evidence suggested by 
reversals of the Earth’s magnetic field. The interval of geologic history con- 
taining the last dinosaur fossils occurs within a period in which the Earth’s 
geomagnetic poles were reversed. In other words, the poles were opposite the 
way they are oriented today. This interval, known as Chron 29r (for the twenty- 
ninth reversed interval before the present), was thought to have lasted only a 
half a million years. If so, the deposition of the boundary clay could not have 
lasted 1 million years.'© Another estimate suggested that the amount of irid- 
ium present in the boundary clay was 30 times that which could be expected 
by the normal rate of gradual accumulation of small meteorites.!7 

Examining the same problem another way, the average, present-day con- 
centration of iridium in seawater (11 x 107!? grams per 107? cm?) implies that 
it would have required the Earth's oceans to be over 435 miles (700 km) deep 
to have precipitated out the observed amount of iridium in the boundary clay 
under normal natural conditions. !® However, the deepest known part of today’s 
oceans is found in the Mariana Trench, a subduction zone between plates near 
Guam. There, the depth is less than 7 miles (11 km). So, the extraordinarily 
high concentration of iridium seemed to require a special explanation. 

At first, the Alvarez team proposed that the explosion of a nearby super- 
nova had generated the iridium. However, within a year, contradictory evi- 
dence had been found in the boundary clay.!? Consequently, the Alvarez 
team regrouped and hypothesized that a large asteroid, about 6 to 9 miles 
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Photo taken through a microscope of a 
glassy tektite—one of millions of small 
meterorites that fall through the Earth’s 
atmosphere to land on the ground and 
in the seas. Such objects are enriched in 
iridium. 


These charts show the elevated levels 
of iridium found at four different 
sites spanning the Cretaceous-Tertiary 
(K-T) boundary. Such “anomalous” 
concentrations of iridium have now 
been found in over 100 sites around 
the world. 
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This artist’s rendering depicts how the 
Earth might have looked during the first 
few moments after impact, 65 million 
years ago. 


(10 to 15 km) across, must have collided with the Earth, releasing the equiv- 
alent of about 10? joules of kinetic energy. This is 100 times more than the 
amount of internal energy released each year from the Earth in the form of 
heat and earthquakes,” and between 1000 and 10,000 times the energy that 
would be released if all of the world’s nuclear weapons were detonated 
simultaneously.! The fall-out resulting from that impact created the bound- 
ary clay. 

As many people both inside and outside the ensuing debates have noted, 
this was a strikingly bold and professionally risky proposal, especially in view 
of geology’s long history of excluding extraterrestrial events as one of its 
accepted uniformitarian processes. But the coincidence of the high iridium 
concentration with the biologic changes at the Cretaceous-Tertiary (K-T) 
boundary in Italy was difficult to dismiss as being purely coincidental. The 
most noteworthy effect of the hypothesis was to spawn a storm of multidis- 
ciplinary research around the world. What the Alvarez team had contributed 
to the debate over the cause of dinosaur extinction was a sensational hypoth- 
esis with predictive elements that could, at least to some degree, be tested 
both in the field and in the laboratory, and that’s exactly what the scientific 
community set out to do. 

The new theory contrasted markedly with the conventional wisdom long 
heid in the paleontological community that the extinction of dinosaurs was 
brought about by more gradual, Earth-based processes. Consequently, the 
level of interest in both the Paleontology Department and the Geology and 
Geophysics Department at Berkeley was high. Interest quickly spread to other 
departments, especially as a rising wave of publicity in both the popular and 
scientific press began to win over members of what had been a deeply skep- 
tical scientific audience. 

In the interest of exploring this new hypothesis, a seminar was initiated 
involving the Alvarez group and a group in the Paleontology Department led 
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by Professor William Clemens. For over a decade, Clemens had conducted a 
program of paleontological and geological field research in the most famous 
fossil locality documenting dinosaur extinction—the Hell Creek and Tullock 
Formations—which form the picturesque Missouri Breaks of east-central 
Montana. In 1980, Lowell was the senior graduate student helping to manage 
that research program. 

In the beginning, this interdepartmental seminar seemed to symbolize the 
best that a multidisciplined academic environment could offer. We discussed 
the strengths and weaknesses of both the impact hypothesis and more gradu- 
alistic scenarios. A program was devised for how we might test the predictions 
of the impact hypothesis during our next field season in Montana. This initial 
spirit of cooperation led to the joint discovery of some of the first evidence for 
an impact ever identified in sediments that document the K-T transition in a 
land-based habitat that contained remains of dinosaurs. The evidence for 
impact consisted of an anomalously high concentration of iridium, similar to 
the one found between the marine limestones in Italy. This was a tremendously 
invigorating and intellectually intoxicating time. We were fully aware that our 
work was poised on the cutting edge of science. 

However, as the months passed, the atmosphere of cooperation between 
some of the participants in the seminar began to deteriorate. A series of pub- 
lic debates between proponents of the impact and those favoring Earth-based 
scenarios served to polarize our positions. Some exchanges even took on a 
rather unpleasant personal pitch. From a personal point of view, we often 
found ourselves arguing toe-to-toe with a Nobel-laureate over issues involved 
in the debates. As new graduate students yet to pass our orals, this was an 
intimidating situation. At times, we wondered what effect it might have on our 
subsequent careers. In retrospect, these seminars set the tone for a decade 
and a half of dissension between proponents of catastrophic, extraterrestrial- 
ly triggered extinction and proponents of generally more gradual, terrestrially 


Participants in the extinction seminar 

at UC Berkeley posed for a picture early 
in their discussions. Seated (left to right) 
are Kevin Steward, Helen Michel, and 
Dale Russell. Standing (left to right) are 
Lowell Dingus, Alessandro Montanari, 
Luis Alvarez, Frank Asaro, William 
Clemens, Walter Alvarez, and Mike 
Greenwald. 


based volcanic scenarios associated with the retreat of the seaways. In a very 
real sense, the debates took on the atmosphere and intolerance of wars—the 
“Iridium Wars.” 

At various times during this period, one side or the other claimed victory. 
Yet, still the polemics continue. Why is this? Why, after fifteen years of research 
and over 2,500 scientific publications, is the mystery not resolved to everyone's 
satisfaction? To understand, we need to examine the scenario thought to have 
caused the extinctions and principal lines of evidence in the debate. 


ASSOCIATED ENVIRONMENTAL EFFECTS 
OF THE IMPACT 


The initial calculations and scenario proposed by the Alvarez team suggest- 
ed that the impact kicked up a globally distributed cloud of dust and water 
vapor that cut off light from the Sun for a period of several months to a few 
years. This cloud inhibited photosynthesis, which killed off many plants. 
Consequently, the herbivorous dinosaurs died out, and then the carnivorous 
dinosaurs perished. 

The Alvarez team’s original proposal eventually led to a contentious dis- 
cussion of whether dinosaurs could have survived the several months of dark- 
ness posited by the original impact hypothesis. To try and test this scenario, 
paleontologists focused their attention on Cretaceous dinosaur sites located 
near the north and south poles. 

One site, called Dinosaur Cove and located in southern Victoria, Australia, 
was the focus of work done by Pat Vickers-Rich of Monash Univeristy and Tom 
Rich of the Museum of Victoria—two of our predecessors at UC Berkeley. 
Dinosaur Cove preserved evidence of a thriving community of dinosaurs that 
lived about 100 million years ago as far as 80 to 85 degrees South latitude. 
Their home was well inside the Antarctic Circle, nuzzled up against the great 
cold continent of Antarctica.2? The fossils were preserved in sediments laid 
down by rivers that ran through floodplains in a rift valley that formed as Aus- 
tralia was beginning to separate from Antarctica through the actions of plate 
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The thin, light stripe of clay near the 
center of the photo represents the first 
evidence ever discovered in a terrestrial 
section of rocks for the Ir-rich fallout 
layer from the K-T impact. It was found 
at the boundary between the Hell 
Creek and Tullock Formations near 
Jordan, Montana. 
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tectonics. Based on data provided through an analysis of oxygen isotopes, the 
mean annual temperature was thought to have ranged between 32° F (0° C) 
and 46° F (8° C). However, an analysis of the flora, which included ferns, gink- 
goes, conifers, and horsetails, suggests a higher mean annual temperature of 
about 50° F (10° C). 

The kinds of animals present in the area around Dinosaur Cove incorporate 
a broad swath of dinosaurian diversity. These include a small meat-eating 
carnosaur that stood no more than 6 feet (2 meters) high; a member of the 
bird-mimic dinosaurs called ornithomimids; and a new, plant-eating hyp- 
silophodontid, named Leaellynasaura. Because of the extreme southern posi- 
tioning of this region 100 million years ago, it was concluded by paleontolo- 
gists working on the fauna that these dinosaurs would have had to survive 
3-month-long periods of darkness on an annual basis. This period would have 
constituted their winter, when the Earth’s axis rotated into a position where 
the sun never illuminated this region. These conclusions left questions in the 
minds of the paleontologists as to why an impact-generated period of dark- 
ness would have extinguished groups of dinosaurs who were apparently well 
adapted to living in the cold and dark for periods of several months. 

At the opposite end of the Earth on the north slope of Alaska, paleontol- 
ogists, including Williams Clemens, focused their collecting efforts on a 76 to 
66-million-year-old, Late Cretaceous dinosaur community. It included large, 
herbivorous duckbill dinosaurs, as well as carnivorous forms, such as a tyran- 
nosaur and the diminutive Troodon.*? Because of its younger age near the 
K-T boundary, an analysis of the conditions under which this fauna lived 
is more pertinent to the extinction debate than the situation at Dinosaur 
Cove. The north slope sites, located along the Coleville River, were deposit- 
ed by streams and rivers that built a floodplain delta extending out into the 
Arctic Ocean. At the end of the Cretaceous, this area is thought to have 
been situated between about 70 and 85 degrees North latitude. These coor- 
dinates would have put the site within the Arctic Circle and subjected the 


Dinosaur Cove in Australia has 


produced fossils of dinosaurs that lived 
on the continent about 100 million 
years ago when Australia occupied a 
position much nearer the South Pole 
than it does today. 


fauna and flora to an annual winter darkness of about 3 months. Analysis 
of fossil pollen and spores indicates the presence of both ferns and decid- 
uous conifers (similar to the dawn redwood Metasequoia) in a mild- to cold- 
temperate forest. Based on this flora and the absence of more temperate- 
adapted Vertebrates, such as crocodiles and amphibians, the mean annual 
temperature is thought to have ranged between 35 to 46° F (2 to 8° C), sim- 
ilar to the temperature range of present-day Anchorage. 

The resulting debate between proponents of volcanic and impact extinc- 
tion scenarios centered on whether these high-latitude dinosaurs migrat- 
ed south for the winter where the sun always rises throughout the winter 
months. However, Clemens and his colleagues argued that the presence of 
juveniles in the high latitude sites constituted evidence against this, because 
it would have been difficult for these young animals to survive such a long 
and rigorous trip. Most scientists involved in the extinction debate now con- 
cede that darkness alone was probably not responsible for causing dinosaur 
extinction, but many other potential “killing mechanisms” have been pro- 
posed for the impact. 

Another killing mechanism posited that the impact caused extreme 
episodes of acid rain.” The intense, initial, atmospheric heating generated 
by the impact would have created temperatures of several thousand degrees 
at the sight of the impact and locally raised temperatures to broiling levels 
immediately after the impact. Such extreme heat would have caused the for- 
mation of nitric acid as nitrogen and oxygen reacted with water vapor. The 
resulting acid rain would have increased the acidity of the ocean’s surface 
water, killing up to 90 percent of the microscopic organisms, such as plank- 
tonic foraminifera and coccoliths, that form the foundation of the food chain. 
Second, the impact may have set off wildfires around the globe as the result 
of the heat and falling debris generated by the impact.” Third, the impact 
was alleged to have dropped surface temperatures on continents to near or 
below freezing for a period of several months to a year when the dust and 
water vapor in the globally distributed cloud of debris cut off sunlight and 
killed plants needing sunlight to photosynthesize.?¢ Fourth, the impact sig- 
nificantly raised global temperatures over the longer term, possibly tens of 
thousands of years, as a result of the “greenhouse effect.” This rise in tem- 
peratue was driven by a two- to five fold increase in the atmospheric con- 
centration of carbon dioxide.?’ Finally, the extensive extinctions of micro- 
scopic marine organisms would reduce the release of a chemical compound 
called dimethylsulfide, thereby inhibiting cloud formation and raising global 
temperatures more than 11° F (6° C).*8 This disruption of the food chain and 
climate was, in turn, hypothesized to have annihilated the dinosaurs and other 
organisms over a period of less than 50 years.?? 


EVALUATING THE EVIDENCE 


There are really several separate questions involved in trying to scientifically 
test this scenario with the evidence available in the rock and fossil records. The 
first is, “Did an impact occur?” The second is, “If so, which killing mechanism 
extinguished each particular group of organisms?” And a third is, “Can we real- 
ly tell time well enough to distinguish between short-term, catastrophic events 
and long-term, gradual events?” 
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whether dinosaurs would have been 
decimated by long periods of darkness 
and cold. 
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Boundary clays with high concentrations of iridium have now been report- 
ed in over 100 continental and marine sequences around the world.?? In ter- 
restrial sequences, these clay beds are situated between the youngest plant 
fossils representing the Age of Dinosaurs and the oldest plant fossils repre- 
senting the Age of Mammals. They're typically about 6 to 10 feet (2 to 3 m) 
above the highest or youngest-known dinosaur fossils that have not been 
reworked into younger layers. 

To critics of the impact scenario, such as William Clemens and David 
Archibald of San Diego State University, ?!32 this “gap” between the youngest 
dinosaur fossils and the iridium-rich clay suggests that dinosaurs were extinct 
before the alleged impact occurred. Such an interpretation derives from a 
“strict translation” or literal reading of the fossil record. Proponents of the 
impact hypothesis, including Luis Alvarez, have responded that dinosaur fos- 
sils are not preserved as often as the pollen and spores representing the 
plants, so it is highly improbable that any dinosaur fossil will be found imme- 
diately under or at the same level as the boundary clay.?? Others, including 
Archibald, have argued that fossils were originally in the several feet of sedi- 
ment immediately underlying the boundary, but that these fossils could have 
been leached out by percolating ground water.** In any event, extensive 
searches for such fossil skeletons have thus far proved fruitless, although fos- 
sil footprints of dinosaurs have now been found within 15 inches (38 cm) of 
the boundary in New Mexico.’ As we describe later on, rare reports of unre- 
worked dinosaur fossils found above the level of the boundary clay remain 
controversial and only poorly substantiated by geologic evidence. 


Map illustrating the global distribution 
of geological evidence used to support 
the impact hypothesis for dinosaur 
extinction. 


Advocates of the impact hypothesis argue that, in addition to the iridium, 
many other lines of geologic and chemical evidence suggest an impact-origin 
for the boundary clay. However, early on in the debate, critics proposed Earth- 
based mechanisms rather than an impact in an attempt to explain the same 
evidence. In an effort to determine whether an impact really occurred, let's 
now review the disputed scientific evidence involved in these arguments. 


A HIGH CONCENTRATION OF IRIDIUM 


As in any murder investigation, fingerprints of the potential culprits can play 
a major role. In the context of the K-T extinctions, the ratios of different 
atoms in the boundary can serve as geological “fingerprints,” pointing to a 
probable source for the minerals in the boundary clay. Much of the geologic 
detective work done to establish whether rock layers resulted from impacts 
or volcanic events involves painstakingly detailed chemical analyses to mea- 
sure the concentrations of rare elements contained within the rocks. 

As mentioned earlier, the unusually high concentration of iridium found 
by the Alvarez team in the K-T boundary clay, estimated to total 550 million 
tons globally (500 million metric tons),?© originally seemed to represent 
strong and unequivocal evidence in favor of the impact scenario. Within 
months, a number of iridium “anomalies” were found around the world at 
the paleontologically recognized boundary. Although such enrichments are 
termed “iridium anomalies,” because the concentration of iridium in the 
boundary clay is 100 to 1000 times higher than that in the surrounding rock 
layers, these anomalous concentrations actually record only a few parts per 
billion of iridium. This means that for every billion atoms present in the 
boundary clay, less than ten are atoms of iridium. 

In 1983, the idea that high concentrations of iridium represented defini- 
tive evidence for impacts was called into question by William Zoeller and his 
colleagues at the University of Maryland. They studied the gases emanating 
from a large volcano in Hawaii.?” During their field work, these researchers 
inadvertently measured the amount of iridium contained in the airborne 
particles erupted from Kilauea. Although the amount of iridium in the dark 
basaltic rock formed from the lava of Kilauea is low, the iridium concentra- 
tion in the airborne particles emitted by the volcano was 17,000 times high- 
er. This raised the possibility that large eruptions of lava and gases could 
explain the high concentration of iridium in the K-T boundary clay. Zoeller’s 
study noted that the volcanic gases generated by Kilauea contained abnor- 
mally high concentrations of another element, fluorine. The researchers 
noted that Kilauea was a hot spot volcano whose magma probably rose from 
deep within the Earth’s mantle. The Deccan Traps were also generated by a 
plume from deep in the mantle, as we have seen in Chapter 4. 

This previously mentioned extensive episode of volcanic activity at the 
end of the Age of Dinosaurs, especially the basaltic fissure floods in India, 
made it plausible that some or all of the iridium was generated by volcanism 
rather than impact. Most geologists agree that the tremendous amount of 
material erupted in the Deccan Traps is still not enough to explain the 
amount of iridium that would have been contained in the globally distributed 
fallout layer. However, as noted in previous chapters, there are several other 
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hot-spot eruptions that may have begun during the K-T transition. Propo- 
nents of the volcanic extinction scenario, such as Charles Officer, Charles 
Drake, and Anthony Hallam argued that these contributed some or all of the 
iridium in the boundary clays. 38-40 

This idea was reinforced by more measurements taken at Piton de la Four- 
nais.4! As mentioned in Chapter 4, this is a volcano on Reunion Island in the 
Indian Ocean. It represents the remnant of the hot-spot generated by the 


Concentration of iridium plotted against 
distance from the K-T boundary in 
marine limestones of Italy. Notice how 
the concentrations are low, less that 
one part per billion, in the Cretaceous 
limestone at the bottom of the section. 
The highest concentrations, about 

8 parts per billion, are found in the 
boundary clay. 
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A volcanic eruption rages at Kilauea 
on Hawaii. 


plume of magma that was responsible for the eruptions that created the Dec- 
can Traps and the undersea plateau around the Seychelles Islands between 
68.5 and 64.9 million years ago. Geologists Jean-Paul Toutain of the Osserva- 
torio Vesuviano in Italy and Georges Meyer of the Institut de Physique du 
Globe de Paris conducted chemical analyses of the gases and associated com- 
pounds emitted from that volcano. They documented iridium concentrations 
as high as 7 to 8 parts per billion. Calculations done by these researchers sug- 
gest that, given the amount of iridium emitted from Piton de la Fournaise 
(0.25 + 0.03 parts per billion), the earlier eruptions that produced the Deccan 
Traps would have produced more than enough iridium to account for the con- 
centrations found in K-T boundary clays. 


THE OVERALL CHEMICAL COMPOSITION 


The overall chemical composition of the boundary clay was noted by the 
Alvarez team, and especially Miriam Kastner of the Scripps Institution of 
Oceanography, to be very similar to the composition of a certain type of mete- 
orite called a type I carbonaceous chondrite.42 These are among the most 
primitive known bodies in our solar system in terms of age and chemical 
makeup. This similarity in composition was based on the analysis of several 
elemental ratios present in the boundary clay, such as platinum/iridium and 
gold/iridium. Frank Asaro, one of the original members of the Alvarez team, 
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working with George Bekov of the Institute of Spectroscopy in Moscow, dis- 
covered that the relative abundances of ruthenium, rhodium, and iridium 
were more similar to those found in meteroites than those found in terrestri- 
al rocks. Atomic analyses eventually led to a debate within the community of 
impact proponents over whether the extraterrestrial body that hit the earth 
was an asteroid, as the Alvarez team had originally proposed, or a comet, as 
suggested by some other analyses.*?.*4 The iridium concentration in comets is 
thought to be about ten times less than that for iron meteorites. 

Critics, such as the late Anthony Hallam, pointed out that multiple impacts 
would probably need to have occurred in order to explain the observed iridi- 
um concentration.” This possibility and associated problems are discussed 
later. In addition, several contradicting points were raised by proponents of a 
terrestrial origin for the iridium, as noted in a paper by Vincent Courtillot.4° A 
sampling follows. 

Researchers, including W. Crawford Elliot of Case Western Reserve Uni- 
versity, did chemical detective work on the boundary clay preserved at Stevns _ 
Klint in Denmark. They concluded that the clay was composed of an unususal 
kind of smectite (a type of clay mineral), which indicated that it represented 
a weathering product of volcanic ash. A study by Jean-Marc Luck of the Insti- 
tut de Physique du Globe de Paris and Karl Turekian of Yale Univeristy indi- 
cated that the ratio of the elements rhenium and osmium in the clay resem- 
bled the ratio found both in meteorites and the Earth’s mantle. Charles 
Officer and Charles Drake noted that the iridium concentration of boundary 
clays from different areas of the globe is rather variable, which suggested to 
them that the source was not a globally distributed dust cloud of constant 
composition. They also noted that the ratios of other elements differed from 
that of chondritic meteorites.*’ Finally, as Zoeller and his colleagues point- 
ed out, enrichments of other rare atoms in the emissions from Kilauea, such 
as antimony, selenium, and arsenic, suggested that hot spot volcanism may 
have played a role in creating the elemental concentrations found in the 
boundary layers.*8 

Proponents of the impact hypothesis, such as Walter Alvarez and Frank 
Asaro, countered by arguing that the osmium concentration of the boundary 
layer seems to suggest a source exclusive of continental rocks.*? In terrestri- 
al rocks, the isotope of osmium that contains 187 protons and neutrons is 
much more abundant than the isotope of osmium that contain 186, but this 
is not what is seen in the boundary clay. In fact, the reverse is true, suggest- 
ing a source from extraterrestrial meteorites or volcanic rocks from deep 
within the mantle. The work of Turekian and Luck was critical in establishing 
this point. Also, an analysis of the concentration of rhenium in the boundary 
clay provides further support for this interpretation. 

As Richard Grieve of the Geological Survey of Canada has summarized,”° 
the chemical composition of some boundary layers suggested that the 
extraterrestrial body slammed into continental rocks. However, the chemical 
composition of a few layers yielded contradictory results, suggesting that the 
object may have slammed into a more basaltic material such as the floor of 
an ocean. A possible solution to this problem is discussed in Chapter 6. 

All these factors led proponents of the impact hypothesis, such as Frank 
Kyte of the University of California at Los Angeles and his colleagues, to 


rationalize that any chemical inconsistencies between the boundary clay and 
extrterrestrial bodies were the result of natural variations.>! Inconsistencies 
could have been caused when the fallout from the impact was mixed with the 
variety of materials found in different environments around the world in 
which the fallout was deposited and buried to form sedimentary rocks like 
the boundary clay. In addition, impact proponents argued that different geo- 
chemical processes could have altered the composition of the boundary layer 
after it was originally deposited. However, skeptics, such as Charles Officer 
and Charles Drake, argued that the compositional differences probably rep- 
resented the result of natural variation in terrestrially based volcanic ejecta. >2 


MINERALS FRACTURED BY THE SHOCK OF THE IMPACT 


At more than 30 localities around the world, beds of the boundary clay have. 


been found to contain microscopic grains of quartz with small fractures 
planes running in multiple directions through the crystal structure.>? Under 
the microscope, these crystals appear to have a crosshatched pattern. The 
leader of these research efforts was Bruce Bohor of the U.S. Geological Sur- 
vey. The first place that such “shocked” crystals were discovered was at Mete- 
or Crater in Arizona. This was where a meteorite slammed into sandstone tar- 
get rock between 50,000 and 25,000 years ago. 

The sequence of events that create these fractured crystals during 
impact have been described by Richard Grieve.** Recall that we are dealing 
with a body traveling between 50,000 and 150,000 miles per hour (80,000 
and 250,000 km/h)34 and weighing as much as 1.1 trillion tons (1 trillion 
metric tons).?? The energy of the speeding meteorite is translated into pow- 
erful, high-pressure shock waves that travel out from the point of impact. 
These shock waves are initially thought by some to be as strong as 100 bil- 
lion pascals. To give you some idea of this force, a pascal is equal to apply- 
ing a force of 1 newton per square centimeter. A newton represents the force 
required to constantly increase the velocity of a 1 kilogram object at a rate of 
1 meter per second. In terms of miles per hour, this would be roughly equal 
to constantly increasing the velocity of a 2-pound object at a rate of about 
2 miles per hour. The force of the impact was about 100 billion times greater. 
Another estimate of the impact force suggests that the shock would have 
been about | million times that exerted by the Earth's atmosphere.*© These 
tremendous forces generated by the impact vaporize, melt, and fracture the 
rock near the point of impact. Fracturing occurs at the lowest temperatures 
and pressures, whereas melting and vaporization occur at the highest. 

The impact excavates a crater in the shape of a bowl into which much of 
the damaged material falls. Consequently, much of the surface of the result- 
ing crater is formed by shocked and fractured rock material, some of which is 
melted. In addition, smaller pieces of this pulverized material are ejected 
from the crater by the impact and fall as debris over a large surrounding area. 
In impacts as large as the one thought to have occurred at the K-T boundary, 
a central area of uplifted bedrock is surrounded by one or more rings of 
down-dropped material, as will be discussed in more detail in Chapter 6. 

At many localities where the K-T boundary clay is present, it contains 
microscopic crystals of quartz that are fractured along planes that are 


Photograph taken under a microscope 
of a quartz crystal from the boundary 
clay in Wyoming. Although the crystal 
is less than 1 mm in length, it shows the 
multiple planes of fracturing that most 
scientists believe resulted from the 
impact near present-day Yucatan. 


Meteor Crater in Arizona about } mile 
(1.2 km) in diameter. It is thought to 
have been formed by the impact of an 
iron meteorite between 75 and 180 feet 
(25-60 m) in diameter, which created 
an explosion equivalent to between 

4 and 60 megatons of TNT. 
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oriented in several different directions. Many, including Bohor and the 
Alvarez group, feel that these multiplanar fracture patterns in the shocked 
quartz crystals represent unequivocal evidence in favor of the impact sce- 
nario. These proponents argue that the fractured texture could only have 
been created at the tremendous temperatures and pressures generated by 
an impact (between 10 and 40 GPa). In general, the number of different pla- 
nar orientations of the fractures tends to increase with increasing shock 
forces. Some quartz crystals contained in exposures of the boundary clay 
have been claimed to have as many as seven different sets of planar fractures. 

However, volcanic proponents, including Courtillot, Officer, Drake, and 
Hallam, noted that similar fracture patterns have been recognized in miner- 
als of some rare volcanic rocks, like those from Toba, a volcano in Indone- 
sia.” It must be pointed out, however, that, instead of having fractures ori- 
ented in more than one plane, the fracture pattern in these volcanic minerals 
is restricted to a single directional plane. Nonetheless, proponents of the 
volcanic extinction scenario maintain that theoretical modeling of the St. 
Helens eruption suggests that it might be possible to generate the necessary 
temperatures and pressures to create the multiplanar fracture pattern dur- 
ing large explosive volcanic eruptions. Until more definitive evidence is pro- 
duced to demonstrate that multiplanar shocked quartz can be formed during 
volcanic eruptions, the presence of these crystals appears to be accepted by 
most geologists as strong geologic evidence for an impact. 

Additionally, shocked quartz crystals have been analyzed through a tech- 
nique called cathodo-luminescence by Michael Owen of St. Lawrence Univer- 
sity and Mark Anders, one of Walter Alvarez’s former students.8 The technique 
has revealed that the shocked quartz present in the K-T boundary layers 
exhibits a range of luminescent colors not found in quartz erupted from vol- 
canoes but more similar to the colors present in impact-altered quartz. 

Along related lines, there are several different ways in which the atoms 
that make up quartz crystals, which contain one atom of silicon for every two 
atoms of oxygen (SiO2), can be arranged into different mineralogical struc- 
tures. Under intense pressures (beginning at 85 kilobars), the common crys- 
tal structure of quartz, in which the atoms are arranged in a four-sided tetra- 
hedron, can be modified into a structure in which the atoms are arranged in 
an eight-sided octahedron. In the resulting eight-sided crystals, the atoms of 
silicon and oxygen are more densely packed together, so the mineral is given 
a new name—stishovite. Like iridium, stishovite is very rare in the Earth’s 
crust. However, it is commonly found to be associated with debris in and 
around impact craters. Its presence has been documented by John McHone 
of Arizona State University and his colleagues in the boundary clay at a site 
in New Mexico.?? 

Finally, another mineral indicative of impact conditions, microscopic crys- 
tals of spinel with a high concentration of the atom nickel have also been 
found by Bohor in the boundary clay at Caravaca, Spain. No known spinel 
crystals of volcanic origin have nickel content even approaching the concen- 
tration of those found in the boundary clay. However, the amounts and ratios 
of the elements iron, chromium, and nickel in these spinel crystals are simi- 
lar to the concentrations of these atoms found in minerals from fractured 
rocks below impact craters located in Germany, France, and Russia. 


GLASSY SPHERES 


Proponents of the impact scenario have noted the presence of extremely 
small spheres in the boundary clay at more than 60 sites.°! Such spheres 
were discovered in the boundary clay at Caravaca, Spain, in 1981 by Jan Smit 
of the Free University in Amsterdam. More were separated from the bound- 
ary clay in Italy by Alessandro Montanari, another of Walter Alvarez’s stu- 
dents at UC Berkeley.©* They argue that these represent cooled drops of 
molten rock that were ejected into the atmosphere by the impact. 

Critics, such as Officer, Hallam, Courtillot, and Drake, countered that these 
may instead represent fossilized algae, volcanic ejecta, or microscopic mete- 
orites not associated with a large impact or organic remains. They noted that 
similar spheres were found in clay beds other than the boundary clay.®? 

More recently, some spheres with glassy cores contained within a rim of 
clay have been identified from the K-T boundary layer in Haiti. Several 
researchers, led by Haraldur Sigurdsson of the University of Rhode Island 
and Virgil Sharpton of the Lunar and Planetary Institute in Texas, have ana- 
lyzed the chemical composition of the glass and reported that it was chemi- 
cally distinct from the glass produced by volcanoes, especially in terms of its 
ratios of oxygen isotopes. Additionally, the chemical composition of some 
of these spheres has been found to be very similar to the composition of a 
spot on the Earth's surface where an impact is thought to have occurred dur- 
ing the K-T transition, as will be discussed shortly. 


SOOT 


Chemical analyses have revealed a lot of soot and charcoal in the boundary 
clay at Denmark, New Zealand, and several other localities—concentrations 
of carbon thousands to tens of thousands of times higher than normal lev- 
els. Some advocates of the impact theory suggest that this carbon enrich- 
ment came from massive global forest fires ignited by the fallout or the heat 
of the impact itself. Wendy Wolbach of the University of Chicago has been 
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(Left) Scanning electron microscope 
photo of spinel crystals from the 
boundary clay at Caravaca, Spain, 
is thought by many scientists to 
represent evidence for impact. 


(Right) Microscopic spheres and 
globules, about 2 to 3 mm in diameter, 
thought by proponents of the impact 
hypothesis to represent the molten 
droplets of rock blasted out of the 
Chicxulub Crater by the impact. 
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instrumental in promoting and reporting on this evidence and hypothesis. 
Additionally, complex and elegantly constructed molecules called fullerines, 
comprised exclusively of carbon atoms bonded into a structure reminiscent 
of the structure found in geodesic domes and soccer balls, have been found 
in some exposures of the boundary clay. These have also been interpreted 
by Dieter Heymann of Rice University and his collaborators to have formed 
as the result of wildfires caused by the impact and its fallout. 

Overall, these impact-generated wildfires are estimated to have created 
77 billion tons (7 x 10!© grams) of soot, which would have initially added to 
the opaque dust cloud that dramatically dropped temperatures. Eventually, 
these particles would have contributed to the “greenhouse effect” by raising 
global temperatures about 16° F (9° C). 

However, David Archibald of San Diego State University argues that the 
soot could represent only the normal amount contributed by forest fires set 
by natural causes including volcanic activity.®’ If the clay layer took a long 
time to become deposited, as opposed to the several months or a year as 
called for by the single-impact hypothesis, soot from natural or volcanically 
triggered fires could be expected. 


DIAMONDS IN THE BOUNDARY CLAY 


Detailed analyses of the mineralogical composition of the iridium-bearing 
boundary clay in Alberta, Canada, during the early 1990s revealed some addi- 
tional clues. After collecting less than 1 ounce (20 g) of the boundary clay at 
Knudsen’s farm in Alberta, David Carlisle of Environment Canada and Dennis 
Braman from the Tyrrell Museum took it back to the lab and dissolved all the 
clay and coal out of the sample with hydrofluoric and hydrochloric acid.© 
After further chemical procedures and washing, they were left with a whitish 
sludge that based on X-ray analysis under a scanning electron microscope 
turned out to be 97 percent carbon, the only element that makes up the crys- 
tal structure of diamond. Of course, carbon is also the only component of 
graphite, the material that makes up pencil lead, so more definitive tests were 
needed to establish the identity of the mineral in the white residue. Using 
another X-ray procedure similar to the way one can shine sunlight through a 
prism and generate a rainbow of colors, the researchers discovered three 


Photographs taken by a scanning electron 
microscope showing soot and carbon 
particles thought to have resulted from 
wildfires ignited by the impact and fallout. 


lines in the material's spectrum that matched those which would be expect- 
ed for diamonds. In addition, under a transmission electron microscope, the 
crystals in the white sludge were found to have an eight-sided octahedral 
shape—again, the same as would be expected for diamonds. So, they con- 
cluded that the material they had separated from the boundary clay was 
indeed minute diamond crystals. 

Now, before you run out to stake your claim on the closest exposure of the 
K-T boundary clay, please realize that these diamonds are only nanometers 
(a millionth of a millimeter) in size. Nonetheless, when the concentration of 
the diamonds was compared to that of iridium, the results were very close to 
the concentration of diamonds to iridium found in meteorites called car- 
bonaceous chondrites. Furthermore, the ratios of the carbon isotopes mak- 
ing up these diamonds were found to be very close to that of interstellar dust, 
suggesting that the diamonds were made from star dust and not made from 
material on the Earth. 


AMINO ACIDS 


Two scientists at the NASA Ames Research Center, Kevin Zahnle and David 
Grinspoon, did additional geochemical analyses on the boundary clay from 
Denmark. These resulted in the identification of two amino acids common in 
the same kind of meteorites but very rare on Earth.”° Critics pointed out, 
however, that these two amino acids were in fact present on Earth, so that a 
terrestrial origin could not be ruled out.”! Further research on the boundary 
clay in Alberta by Carlisle revealed the presence of 18 amino acids present in 
meteorites but not found on Earth. Furthermore, the ratios of these amino 
acids to iridium are about the same as that found in meteorites, suggesting 
an extraterrestrial origin for the amino acids in the boundary layer.”? 


TSUNAMI DEPOSITS 


In the late 1980s, Joanne Bourgeois from the University of Washington and her 
colleagues conducted field work along the Brazos River in Texas. That sequence 
of rocks, which contained an iridium anomaly and the characteristic paleonto- 
logical signature of the K-T boundary, also contained an unusual layer of sand- 
stone that appeared to represent a deposit generated by a “tidal wave,” or more 
accurately, a tsunami.’? The sandstone directly underlies the iridium anomaly, 
as well as the disappearance of marine fossils used to mark the end of the Cre- 
taceous Period. Most of the layers of rock near the boundary are composed of 
mudstone that was deposited along the middle to the outer edge of the then- 
existing continental shelf in the Gulf of Mexico. The site is thought to have 
been about 62 miles (100 km) from the shoreline, and the water is thought to 
have been between 164 and 328 feet (50 and 100 m) deep. 

There is only one layer of sandstone in the sequence near the boundary, 
and it is slightly over 3 feet (1 m) thick. The base of the sandstone layer con- 
tains a chaotic mixture of coarse sand grains jumbled together with shell 
fragments, fish teeth, pieces of fossilized wood, rounded chunks of limy 
mudstone, and angular hunks of mudstone. The latter are commonly as large 
as 2 inches (5 cm) across and occasionally as large as 3 feet (1 m) across. 


DMC=+0.7 km~CMC + 2km — Brazos 


Diagram illustrating the layers of rock 
spanning the K-T boundary along the 
Brazos River in Texas. Note the large 
blocks at the base of each section. 
These are interpreted to have been 
ripped up by a tsunami generated by 
the Chicxulub impact. 
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Further up in the layer, smaller sand grains, silt, and mudstone show evi- 
dence of current action in the form of rippled bedding surfaces. 

Calculations based on the size of the larger chunks of mudstone suggest 
that current velocities between 6 and 39 inches (15 and 100 cm) per second 
would have been required to rip the chunks of mudstone out of their original 
beds and redeposit them as part of the sandstone layer. The researchers con- 
cluded that a tsunami was the only kind of depositional event that could 
have been responsible for creating this deposit on the continental shelf. 
Because these deposits were located immediately below the iridium anom- 
aly and the K-T paleontological signature, they proposed that the tsunami 
deposits were the result of gigantic waves generated by the impact. Based on 
the size of the ripped-up chunks and the estimated depth of the water, they 
suggested that the wave was 164 to 328 feet (50 to 100 m) high when it 
reached this area—about as high as a 16 to 33 story skyscraper. It is thought 
that the whole layer of sandstone may have settled out of the disturbed 
waters of the Gulf of Mexico in as little as one day. 

Earlier estimates of the tsunamis generated near the point of impact sug- 
gested that they could have been as high as 13,000 feet (4000 m) if the impact 
had occurred in a deeper part of a major ocean basin. Mount Whitney, the 
highest peak in the continental United States, is slightly over 14,000 feet in 
elevation. That would have been as high as a stable water wave could have 
been. However, water in the Gulf region was much more shallow. 

Scientists led by Florentin Maurrasse from Florida International Univer- 
sity found similarly suspicious deposits in northeastern Mexico, Haiti, and 
Arkansas, where blocks as large as 16 feet (5 m) were incorporated into a 
tsunami deposit that totaled 65 feet (20 m) in thickness.’* In sediments 
deposited in troughs on the bottom of the Caribbean near what is now Cuba, 
a chaotic layer as much as 1500 feet (457 m) in thickness contains jumbled 
blocks as large as 5 feet (1.5 m) across that were apparently swept off the low- 
lands. In addition to having sedimentary structures that were interpreted to 
be the result of deposition and scouring by gigantic waves, some of these 
rock layers also contained particles interpreted to represent altered droplets 
of melted rock from the impact. 

Not all scientists agree with these interpretations, however. Some of the 
proponents of volcanically based extinction hypotheses, including Charles 
Officer, argue that these distinctive beds represent the normal deposition 
and scouring of large underwater debris slides, called turbidity currents. Offi- 
cer argues that they began on the continental slope of the Caribbean and 
traveled on out into deeper parts of the basin.”° Also, it has been argued that 
if these beds represent tsunami deposits they should contain no evidence of 
burrowing by bottom dwelling marine organisms.’° Some, at least, appear to 
contain burrows that are cut off at the same stratigraphic level. This suggests 
that in these instances an episode of erosion removed the upper part of the 
burrows before sediment was once again deposited. One would not expect 
such gaps during the rapid deposition of sediment after a tsunami. 

In the 1980s thousands of scientists from numerous disciplines joined 
the debate on one side or the other. As a result of this interdisciplinary cross- 
fertilization, a plethora of new ideas spun off from the original impact 
hypothesis. However, our ability to successfully test these ideas scientifical- 
ly has been limited, as the following example illustrates. 


PERIODIC EXTINCTIONS 


Paleontologists David Raup of the Field Museum of Natural History and Jack 
Sepkoski of the University of Chicago proposed that episodes of mass extinction 
occur every 26 million years.’” Their effort to sort through the fossil record of the 
last 500 million years was used to identify five or six episodes of “mass extinc- 
tion” at the end of the Cambrian, Ordovician, Devonian, Permian, Triassic, and 
of course the Cretaceous Period. Walter Alvarez and Richard Muller of UC Berke- 
ley reported that impact craters appeared to be produced in a 28.4 million year 
cycle, within the error margins of the 26 million year mass extinction cycle.” 

There are three hypothesized causes that have been proposed to link such 
cycles to extraterrestrial impacts. One was put forward by Marc Davis of UC 
Berkeley, Piet Hut of the Institute for Advanced Study in Princeton, and Richard 
Muller. Their idea is that the Sun either has a dwarf twin star, appropriately 
christened Nemesis, orbiting around it.’? Every 26 million years, this twin dis- 
turbs a cloud of comets in the distant reaches of the solar system called the 
Oort Cloud, sending a swarm of them speeding on collision courses toward the 
Earth. A similar proposal by Daniel Whitmire from the Univeristy of Southwest- 
ern Louisiana and his colleagues suggests that a yet to be discovered planet, 
also appropriately identified as Planet X, resides in the outer reaches of the 
solar system beyond Pluto and disturbs the Oort Cloud in the same way.®° 
These ideas are very controversial in themselves, and astronomers are actively 
searching for such a star or planet—so far without success. A third idea is that, 
as the solar system periodically moves through the plane of our Milky Way 
Galaxy, dense gas clouds that reside near the galactic plane disturb the comets 
in the Oort Cloud, altering their orbits and sending them toward the Earth.®! 
This idea was proposed by Michael Rampino of New York Univeristy and 
Richard Strothers of the NASA Goddard Institute for Space Studies, as well as 
by Richard Schwartz and Philip James of the University of Missouri. 

Critics have offered several arguments to counter the proposed idea of 
periodic extinctions. One is that, since iridium concentration of comets is 
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These peaks illustrate how major 
episodes of extinction in the fossil 
record might correlate with a 
periodicity of 26 million years. 
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about ten times less than that of iron meteorites, as many as 50 impacts may 
have been required to provide the observed amount of iridium in the bound- 
ary clay at Italy.8* To the critics, like Anthony Hallam, this seems rather 
improbable. He suggests that a series of volcanic eruptions might be more 
plausible in explaining the high concentration of iridium. 

Also, the body of statistics and paleontologic data used to argue for peri- 
odic extinctions has been vigorously questioned. Is the fossil record really 
complete enough to document all the episodes of mass extinction? Do we 
know the age of the extinctions precisely enough to demonstrate that they 
are happening every 26 million years? Many scientists do not believe that we 
do. For example, opponents such as Antoni Hoffman of the University of War- 
saw? have argued that the ages of the period boundaries were arbitrarily 
chosen to fit the desired temporal pattern. In the process, some conflicting 
paleontologic evidence was simply eliminated from consideration in the 
studies purporting to document periodic extinction. The conclusion of some 
of these critics is that there is no periodicity among these extinction 
episodes. Instead, the extinction events are argued to exhibit a pattern of 
random occurrence. Hoffman’s criticism was, in turn, rebutted by a response 
from J. J. Seposki and D. M. Raup, among others.84 Other pessimists, includ- 
ing Stephen Stigler and Melissa Wagner from the University of Chicago, con- 
tend that the periodicity coming out of the recent research is simply a sta- 
tistical artifact. In essence, these skeptics argue, particular kinds of 
measurement errors can artificially generate a cyclic pattern in the data or 
force a false periodic signal to emerge from data that is not truly cyclic. Jen- 
nifer Kitchell and Daniel Pena of the University of Wisconsin. argue that the 
spacing and magnitude of mass extinctions over the last 250 million years is 
best explained by a random model.®° 

Finally, paleontologists Colin Patterson and Andrew Smith of the British 
Museum of Natural History have noted the dependence of the periodic extinc- 
tion results on the way new species, genera, and families have been estab- 
lished and described in the literature.8? These paleontologists limited their 
study to animals with which they are especially familiar and utilized a method 
of systematically organizing organisms called cladistics (see Part II for a 
detailed explanation). Their results showed that only about 25 percent of the 
alleged extinctions of fish and echinoderms (sea urchins, starfish, etc.) were 
confirmed to have really happened. In fact, a few paleontologists, like John 
Briggs at the University of South Florida, have recently taken an even more 
extreme position. Briggs argues that, because of such problems in interpret- 
ing the fossil record, no mass extinctions have actually ever happened.® This 
represents a return to an extremely gradualistic view of the mode of evolution. 

In all, a lot of geologic evidence has been cited by advocates of the impact 
hypothesis as documentation for an extraterrestrial impact, but most of these 
lines of evidence have been countered by proponents of the volcanic extinction 
hypothesis. In our role as geologic detectives, it would be nice to have unequiv- 
ocal evidence in order for us to decide once and for all whether an impact really 
occurred during the K-T transition. To provide that, impact advocates would 
have to find the crater left by the impact itself—the “smoking gun” as it has been 
called. The search for that evidence is the subject of the next chapter. 


Direct Evidence 
of Catastrophe 


ú | The ea has BE pea bombarded by Rae 
ae cis Although e rate of impacts appears to have de- 
“eae in the last 4.5 billion years since the Earth first 
formed, extraterrestrial objects (large enough to pass 


through the atmosphere without burning up) continue to 
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hit the Earth with tremendous force. Scars from some recent impacts remain 
clearly visible. For example, an iron meteorite between 80 and 200 feet (25 and 
60 m) across is believed to have been responsible for Arizona’s Meteor Crater. 
It formed when a meteorite hit the Earth between 50,000 and 25,000 years ago, 
creating a bowl-shaped depression about 3/4 mile (1.2 km) across.! The 
impact released between 10!° and 10!” joules of kinetic energy—about the 
same amount as would be released by the explosion of 4 to 60 megatons of 
dynamite. Estimates of the frequency of crater impact suggest that a meteor 
large enough to leave a crater 6 miles (10 km) across hits the Earth about once 
every 100,000 years.? 

Even in the twentieth century, an apparent explosion of a comet or mete- 
orite devastated a large area of Siberia. This near-impact, called the Tungus- 
ka event, leveled 1,000 square miles (2,600 km?) of forested land on June 30, 
1908.2 The devastated region was equivalent to a square about 32 miles on 
each side. The explosion, which released energy equivalent to a 15-megaton 
nuclear bomb, was heard as far away as Moscow.* The Tunguska event is 
thought to have been the result of a object that exploded between 4 and 
6 miles (6 and 10 km) above the Siberian landscape. Debate has ensued as 
to whether the explosion was caused by a comet between 295 and 623 feet 
(90 to 190 m) across, or by a carbon-rich asteroid between 164 and 328 feet 
(50 to 100 m) across. It is estimated that the body was traveling between 
7.5 and 12.5 miles per second (12 and 20 km/s), which is equivalent to 
between 27,000 and 45,000 miles per hour. The impact would have generated 
shock layer temperatures of somewhat less than 36,000° F (20,000° C). In 
1956, one student of that event, M. W. De Laubenfels, went so far as to sug- 
gest that a similar but larger impact could have been responsible for the 
extinction of dinosaurs.’ 


Artist’s conception of what the 
Chicxulub Crater might have looked 
like soon after it was formed by the 
impact of a comet or asteroid about 
65 million years ago. 
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But these relatively recent events are dwarfed by what was proposed to 
have happened at the end of the Cretaceous. An asteroid or comet large 
enough to have caused the Cretaceous-Tertiary (K-T) extinctions would have 
left a truly enormous crater. One early estimate suggested that the collision 
would have generated a crater about 31 miles (50 km) deep that extended 
across an area of almost 5,800 square miles (15,000 km2).° This would repre- 
sent a crater with a diameter of almost 90 miles (140 km). But the question 
remained, where is that crater? 


A K-T IMPACT CRATER 


For several years, no one could find a crater of the right size and age. Many 
potential explanations were offered by impact proponents, including Walter 
Alvarez and Frank Asaro.’ They pointed out that the crater might have been 
eroded away by subsequent geologic weathering or even destroyed by the recy- 
cling of crust at subduction zones. Alternatively, it might now be too deeply 
buried under subsequently deposited sediment to be easily recognizable. The 
opposition favoring volcanic extinction scenarios countered that we should 
have found at least one crater, especially if multiple impacts had occurred, as 
some impact advocates had begun to suggest by the mid-1980s. 

One proposed candidate for the K-T impact crater was the Manson Crater, 
now buried under the ground by sediments that form the surface of the land 
in lowa. However, it is only about 22 miles (35 km) across. This is much too 
small to have caused the observed global thickness of debris and iridium con- 
centration found in the boundary layer. One sure test of whether the Manson 
Crater was a legitimate candidate would be to date the rock that had been 
melted at the time of its impact. Such a test should yield an age of about 
65 million years. Initial radiosiotopic evidence developed by Michael Kunk 
of the U.S. Geological Survey suggested that it was about the right age— 
65.7 million years old. In 1993, however, further tests conducted by Kunk in 
conjunction with Glen Izett and others from the U.S. Geological Survey estab- 
lished that the Manson Crater is about 74 million years old—much too old to 
have had any role in the K-T extinctions.’ 

Another serious candidate was actually discovered as the result of explo- 
ration for oil in 1981.!° However, little attention was paid to the announce- 
ment by Glen Penfield and his colleagues because it was before the search 
for the K-T impact crater had actually begun. In an ironic twist of fate, most 
of the drilling-core samples that documented the geologic evidence at this 
site were destroyed by a fire in the warehouse where they were stored. Con- 
sequently, the crater’s possible existence and relationship to the scenarios 
involving the K-T extinctions only came to light in the early 1990s. Studies 
by Alan Hildebrand of the Geological Survey of Canada and his colleagues, 
as well as research by Kevin Pope of Geo Eco Arc Research and his col- 
leagues, brought this geologic structure to the attention of the scientific 
community.!! 

The site is located near the town of Chicxulub. It lies partly on the north- 
west corner of the Yucatan Peninsula and extends into the adjacent Gulf of 
Mexico. On land, the form of the buried crater can be seen, to some degree, 
on topographic maps and aerial photos.!? They reveal a semicircular ring of 
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The Chicxulub crater occupies a 
corner of the Yucatan Penninsula in 
Mexico and forms some of the bed 
for the adjacent Gulf of Mexico. The 
solid semicircle represents a ring of 


sinkholes found on the ground surface. 


The dashed circle represents the 
approximate location of a negative 
gravity anomaly. The dotted circle 
represents the approximate outer limit 
of a concentric positive magnetic 
anomaly. 
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sink holes that correlate well in position with the mar- 
gin of the crater that was identified at first by anom- 
alous readings of gravity. These sink holes range from 
about 164 to 1640 feet (50 to 500 m) in diameter and are 
from 6 to almost 400 feet (2 to 120 m) deep. Apparent- 
ly, the edge of the crater formed a barrier to the later 
migration of groundwater under the surface of the 
Earth. This caused an increased flow of subsurface 
water, which dissolved the limestone layers underneath 
the ground. Then, a collapse of the limestone around 
the boundary of the crater formed the sink holes. 

Chicxulub is truly enormous, whether you believe 
scientists who advocate a mind-boggling diameter of 
about 175 miles (280 km) or those who propose a 
more modest, but still daunting, figure of about 110 
miles (180 km). The conflicting dimensions were 
reported in different studies published in 1993 and 
1995. Virgil Sharpton of the Lunar Planetary Institute 
and his co-authors published the earlier study, which 
argued for the larger diameter.'? Alan Hildebrand and 
his co-authors published the later study.'* In both 
papers, the estimated diameter of the crater was 
based on interpretations derived from gravity mea- 
surements taken at the site. 

Although it would seem to be an easy job to deter- 
mine the crater’s size by measuring the diameter of 
the crater rim, the job is made more difficult by the 
fact that the crater’s full topography is no longer clear- 
ly expressed at the surface of the Earth. Since the 
actual crater formed, it has been buried by between 
1,000 and 3,300 feet (300 and 1,000 m) of sediments. 
But the gravity measurements allow geophysicists to 
“see” through the overlying sediments deposited on 
the land and on the seafloor to interpret the underly- 
ing structure of the crater. 

The process of crater formation is fairly well under- 
stood as the result of ballistic experiments in the lab- 
oratory and observations of craters on the Earth, 
moon, and planets.!!© Upon impact, shock waves 
compress and accelerate the target rocks downward 
and outward to velocities of a couple of miles per sec- 
ond. Then rebound changes the direction of move- 
ment to upward and outward for target material near 
the surface. These two phases of movement excavate 
a transient crater by moving target material down- 
ward and out from the point of impact, then upward 
and out of the crater, to create a layer of debris eject- 
ed outside the crater in the form of fallout. Calcula- 
tions indicate that the great majority of material in 
the impacting object is blasted upward at high veloc- 
ities as ejecta. In addition, a mass of target rock equal 
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Generalized cross section of the Chicxulub crater illustrating both 
the rock units that form the crater and its contents, as well as the 
younger units on top that have buried it since it was formed. 


to about 10 to 100 times the mass of the meteorite is 
exploded out of the crater along similar paths. 

Relatively large craters on Earth have a central 
peak surrounded by a series of concentric terraces. 
These formed as large, unstable blocks of surround- 
ing rock, propelled by gravity, slid down into the 
crater’s cavity soon after it formed. The floor of the 
crater is formed by a layer of rock that was melted by 
the impact. Some of this melted material was blasted 
out of the crater. In terms of the Chicxulub impact 
scenario, this material is thought to have formed the 
glassy, spherical, and globular droplets of melted 
impact debris found in some boundary clays. These 
are called tektites. The layer of melted rock on the 
crater floor overlies a layer of fractured rock including 
fragments of the target rock. Some of the fractured 
target rock is thought to have been blasted into orbit 
as part of the dust cloud. Smaller fractured fragments 
eventually settled out of the atmosphere as the badly 
fractured crystals of quartz and other minerals dis- 
cussed in Chapter 5. 

Within the largest craters on Earth the large central 
peak is represented instead by a tall ring of moun- 
tains. These are formed by uplifting movements after 
the initial downward and outward forces reverse in 
the center of the crater to generate upward and 
inward motions as a result of rebound and the col- 
lapse of the crater rim. The process seems to be kind 
of like watching a slow-motion movie of a drop of 
water hitting the surface of a bowl of water, but obvi- 
ously, water is much less viscous. Such large craters 
are more easily seen on the Moon where erosion and 
subsequent deposition have been minimal due to the 
lack of rain and wind. An example is the crater that 
forms the Orientale Basin, which has five stupendous 
concentric rings that range in diameter from 200 to 
800 miles (320 to 1,300 km). 

Some of the crater rings were generated by gravita- 
tional collapse after an initial crater, shaped like a 
hemisphere, was created by the impact. The depth of 
the crater continues to grow until the pull of gravity 
becomes too weak to pull the material forming the 
floor further down. The resulting hole is termed the 
transient crater, and it has a ratio of depth/diameter of 
about 1:3. The fractured walls of the transient crater 
are not stable because their slopes are too steep. Con- 
sequently, they collapse under the force of gravity to 
form additional rings, as well as the layer of fractured 
material in the bottom of the crater. So the game is to 
identify the diameter of transient crater so that the 
force of the impact can be estimated. 
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This schematic diagram illustrates how the transient crater is 
formed by the impact, as well as the subsequent rebound and 
collapse of the crater rim. 


EINAL CRATER 


Original ground plane 


Apparent crater 


:- Autochthonous ~ AA TY, 
are rocks oS 


5 
UE 


The final form of the crater takes shape after the collapse of the 
unstable walls of the transient crater. 
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On gravity surveys, the Chicxulub crater shows up as a basin almost 
125 miles (200 km) in diameter that contains two ring-shaped structures with 
diameters of 65 and 96 miles (104 and 154 km). One of these may correspond 
to the central ring of mountains seen in large lunar craters. The 1993 study 
by Sharpton and his colleagues argued for the presence of a fourth ring with 
a diameter of about 175 miles (280 km). This suggested to those researchers 
that the transient crater was about 106 miles (170 km) across.!? However, 
using the same gravitational data supplemented with other new data and a 
slightly different method of analysis, the 1995 study by Hildebrand and his 
colleagues failed to confirm the presence of the outside ring. This later 
study concluded that the 125-mile-diameter ring represented the rim of the 
collapsed crater and that the transient crater was only 50 to 56 miles (80 to 
90 km) in diameter.!® 

If the interpretation of the 1993 Sharpton paper is correct, the estimated 
force of the impact may have been one of the largest in the last 4 billion years 
within the inner part of the solar system. The impact—judged to be equiva- 
lent to simultaneously detonating between 1,000 and 10,000 times the num- 
ber of nuclear weapons present in all the world’s arsenals—would have exca- 
vated a crater about 35 miles (56 km) deep. This results from the calculating 
the depth based on the depth to diameter ratio of about 1:3. If the 1995 
Hildebrand study is correct, the depth of the crater would have been about 
18 miles (28 km). No matter which estimate is considered valid, the impact 
was obviously an event of staggering proportions. 

But what geologic and paleontologic evidence is there to suggest that 
Chicxulub is, in fact, the crater left by the impact at the K-T boundary? One test 
would be to date the meltrock in the crater radioisotopically to see if it yields 
the same age as the tektites preserved in K-T boundary sections in other areas. 


The image on the left has been 
developed from studies analyzing the 
force of gravity around the impact site 
at Chicxulub. The image shows the 
rough outline of the crater and its 
concentic rigns. The map on the right 
documents the curved line of sinkholes 
(green dots) delineating the circular 
outline of the crater. 
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This is what Carl Swisher and his team of colleagues did. Their radioisotopic 
dating of the melted rock within the Chicxulub crater formed at the time of the 
impact has established its age at 64.98 million + 50,000 years.!? The micro- 
scopic glassy tektites at the boundary found in Haiti and at Arroyo El Mimbral, 
Mexico have been dated by the same laboratory to be 65.01 million years 
+ 80,000 years and 65.07 million + 10,000 years old. These radioisotopic ages 
represent strong geologic evidence that these tektites, found at the K-T bound- 
ary where the change in microscopic marine organisms occurs, were at least 
formed at the same time as the Chicxulub impact. 

The geographic location of this impact crater near the coastline of the 
ancient Gulf of Mexico is also significant. Some chemical analyses of bound- 
ary clay suggested that the impact had occurred in the crust of the ocean 
because the tektites and other boundary material were of similar composi- 
tion. One such study was conducted by Don DePaolo and Frank Kyte of the 
University of California at Los Angeles and their colleagues.2° Other analyses 
by Michael Owens and Mark Anders suggested that the impact had occurred 
in the crust of a continent.?! Since the Chicxulub crater contained both con- 
tinental and marine rocks, these seemingly contradictory results could be 
explained by the fact that the impact debris contained remnants of both. 

More definitive geologic evidence comes from geochemical “fingerprint- 
ing’—a method whose name sounds especially appropriate for solving 
mysteries related to a scientific detective story. As mentioned in Chapter 5, 
geochemical fingerprinting involves analyzing the chemical composition of 
elements in different rock material at different sites to see if they might rep- 
resent rocks formed by the same event. In this case, scientists compared the 
chemical composition of tektites from the boundary layer near Beloc, Haiti, 
with the chemical composition of the rocks in the crater at Chicxulub. 

Haraldur Sigurdsson and his colleagues found that the boundary layer at 
Beloc contains two principal kinds of spherules thought to represent tektites 
that were blasted out of the crater during the impact.** One is composed of 
black glass and the other is composed of black glass covered by a coating 
of yellow glass. The black glass is rich in silica and has a chemical composition 
similar to that of a particular kind of volcanic rock called andesite, which is 
commonly erupted along the edges of continental plates. More impressively, 
the chemical composition of this black glass is almost exactly like that of some 
andesites found in Mexico, and andesite is present in the Chicxulub area. 

Analyses of the yellow glass coatings, however, reveal a distinctly different 
chemistry. The yellow glass is depleted in rare earth elements, but it is 
enriched in atoms of calcium and magnesium. To try and recreate the compo- 
sition of the yellow glass, Sigurdsson and a second group of colleagues melt- 
ed minerals such as gypsum and anhydrite—common in the magnesium-rich, 
limy sediments along the Mexican coast near Chicxulub—with andesite.?? The 
temperature in the experimental melting tubes made of platinum was raised 
to between 2200 and 2500° F (1200 and 1400° C). The result, upon cooling, was 
the formation of a yellow glass enriched in calcium, similar to that found coat- 
ing the Haitian tektites. 

In 1993, another piece of mineralogical “fingerprinting” evidence was dis- 
covered by Thomas Krogh of the Royal Ontario Museum and his colleagues. 
In the Raton Basin of Colorado, the boundary layer was found to contain 
microscopic crystals of the mineral zircon weighing from 1 to 4 one-millionths 
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of a gram (1 Ib = 454 g).24 Zircon is very durable and often contains in its crys- 
tal structure atoms of uranium that naturally decay to atoms of lead. Zircon 
can, therefore, be used for radioisotopic dating. Such age analyses on these 
crystals established that they had originally been formed 544.5 + 4.7 million 
years ago, then reheated 65 million years ago. At Chicxulub, fragmented tar- 
get rock from the crater created by the impact also contains crystals of zircon. 
When they were analyzed, they were found to have an original age of forma- 
tion of 544 + 5 million years. Similar age relationships have been found for 
microscopic zircon crystals separated from the boundary clay in Haiti. What 
makes this evidence compelling is that 545-million-year-old rocks are very 
rare in North America. Consequently, the presence of such zircon crystals at 
the impact site and at these two other geographically widespread localities is 
very difficult to explain without invoking the Chicxulub impact and its global- 
ly distributed fallout layer. 


OTHER. POTENTIAL K-T IMPACT CRATERS 


There is now no shortage of other large impact craters that potentially could 
have been created at the same time as the Chicxulub crater. They range in loca- 
tion from Siberia, to the Black Sea region, to northern Africa, to Alaska.” One 
example is the 60-mile-diameter (96 km) Popigay crater in eastern Siberia. 
Based on its size in relation to the Chicxulub crater, only about one-tenth the 
amount of material is thought to have been ejected from this smaller crater. 
Yet, based on modeling, the Popigay impact alone would have generated a 
dust cloud thick enough to cut off light from the Sun to the Earth for three 
months. However, radioisotopic dates indicate that it is around 39 + 9 million 
years old. It is much too young to have been involved in the K-T extinctions. 

Some scientists have argued that several potential K-T impact craters tend 
to line up on a single great arc that extends across the surface of the Earth.2° 
This implies that they may represent the break-up of a single large extrater- 
restrial body into several smaller bodies that impacted in a machine gun-like 
barrage. One example of such a barrage was witnessed in the summer of 1994 
when the comet Shoemaker-Levy broke up into several pieces before pum- 
meling Jupiter. 

At this point, however, such claims that more than one K-T impact oc- 
curred represent a significant leap of faith. The age of these other craters is 
not tightly constrained by published radioisotopic dating in the way that the 
age of the Chicxulub crater is. 

Although not all proponents of the volcanic extinction scenario would 
probably agree, it appears to us that there is now good geologic evidence to 
demonstrate that an extraterrestrial impact of huge proportions did occur at 
the end of the Cretaceous. But can effects of the potential killing mechanisms 
from the impact at Chicxulub be distinguished from the potential killing 
mechanisms of the volcanic activity? To see, we must closely examine clues 
present in the fossil record spanning the K-T boundary, paying special atten- 
tion to the kinds of organisms that perished and those that survived. This 
exercise is the subject of the next chapter. 


Patterns of Extinction 
fand Survival 


| there was a rather counterintuitive aspe 
of rt E a Piee: ae Sate pean at 
the Cretaceous-Tertiary (K-T) boundary—how did the 
survivors survive? 
Soon after the impact scenario was proposed, an “arms 
race” to model its effects and generate enough potentially 
lethal mechanisms to do the job began. Indeed, that list 


of alleged killing mechanisms was truly incredible: an 
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earthquake | million times larger than any recorded in human history, a 
global inferno following the impact, a subsequent period of darkness lasting 
months, an interval of months on the continents when temperatures dropped 
below freezing, episodes of searing acid rain, tsunamis hundreds of meters 
high. Now, add to those presumably lethal effects the enhancements con- 
tributed by the volcanic scenarios and one cannot help but wonder how any- 
thing survived. As Anthony Hallam noted in 1989: 


Even granted the evidence for impact, it is still by no means clear how 
many of the end-Cretaceous extinctions relate to it, and no really plausi- 
ble, exclusively impact-based, ‘killing scenario’ has yet been put forward. 
Whether involving dust clouds blocking out sunlight, dramatic rise or fall 
of temperature, acid rain on a massive scale or spectacular wildfires on the 
continents, they are all too drastic in their environmental effects to 
account for the selectivity of the extinctions and the high rate of survival 
of many groups.! 


Hallam and several other scientists began to focus on this important point. 
If we were to gain a better understanding of how the K-T extinctions occurred, 
we would have to come to grips with the pattern of extinction and survival 
among different organisms. We would have to try to understand why some 
organisms perished while others survived—not just locally, but globally. 

Explaining patterns of survival and extinction requires not only fairly com- 
plete fossil records but also an understanding of the physiology of these 
ancient organisms. We must specify which “killing mechanism” eradicated a 
particular group of animals or plants. As the number of potential killing mech- 
anisms increases and the scenario for extinction becomes more complex, it 
becomes that much more difficult to test and pinpoint which mechanism, or 
combination of mechanisms, was responsible for a particular group’s extinc- 
tion. Further, since the impact and volcanism could have generated many of 
the same “killing mechanisms” (acid rain, short-term cooling, long-term green- 
house heating), it becomes even more difficult to pinpoint which of these 
events was responsible. 


EXTINCTION AND SURVIVAL IN THE OCEANS 


Despite the complexity of the problem, a number of ideas regarding the 
selectivity of extinctions have been put forward. In marine environments, for 
example, many forms of microscopic organisms that live near the ocean's 
surface, such as planktonic Foraminifera and Coccolithophora, were appar- 
ently decimated at the boundary. Jan Smit has presented documentation on 
marine sections from around the world.? 

Perhaps the organisms perished because of acid rain. The more acidic waters 
could have dissolved their calcium carbonate shells.? The shells of clams and 
snails are made of calcium carbonate and if you drop acid on these shells, it 
triggers a bubbling reaction. This reaction represents the acid dissolving the 
shell material. It takes a lot of strong acid to dissolve a large clam shell. But 
because the shells of microscopic plankton are so much smaller, it is that much 
easier to dissolve their shells and kill the tiny organisms within. 


PATTERNS OF EXTINCTION AND SURVIVAL 


These microscopic organisms formed the foundation of the food chain 
in ancient oceans, just as they do today. Their extinction could have set off 
an ecological chain reaction. Organisms that fed on these kinds of plankton 
would have been the most vulnerable, especially those organisms that lived 
in the tropics. 

Jennifer Kitchell and her colleagues suggested that those kinds of plank- 
ton that: have a method of reproduction that involves a dormant spore stage, 
such as dinoflagellates and diatoms, survived at higher rates than the forams 
and coccoliths which do not.* However, these statements do not really con- 
clusively resolve the issue of which “killing mechanism” from which event was 
responsible. 

Some workers, such as Gerta Keller of Princeton University and Norman 
MacLeod of the British Natural History Museum, have argued that many of 
the sequences of rock layers used by proponents of impact-generated extinc- 
tion do not contain a complete fossil record of the events during the K-T 
transition.? Consequently, what appears to be an abrupt and catastrophic 
extinction in the rock record may have actually happened more gradually. To 
give you a sense of how contentious this issue is, we need only take a look 
at the debate swirling around one relatively complete section at El Kef, 
Tunisia. Smit argues that almost all the Late Cretaceous forams disappeared 
at the K-T boundary, whereas Keller argues that only about one-third did.® 
Independent tests are now underway to try and resolve the dispute. Howev- 
er, disagreements still exist about the species identification of many speci- 
mens. Furthermore, arguments abound about whether or not some of these 
microscopic fossils were eroded out of Cretaceous sediments and then rede- 
posited in younger Tertiary sediments.’ This process of reworking greatly 
complicates our attempts to interpret the sequence and pace of events in the 
fossil record. 

Among other marine organisms, estimates for extinction of the nautilus- 
like ammonites reach 100 percent, whereas clams exhibit about a 55 percent 
extinction, and snails about 35 percent.® Especially with ammonites, the 
issues of reworking and the frequency at which specimens have been found 
at different levels in the sequences of rock layers have been used to raise 
questions about whether these organisms actually went extinct before the 
K-T boundary. However, it is now generally accepted that ammonite extinc- 
tion was part of the K-T event. 


ONE SYNTHETIC EXPLANATION 
FOR THE VICTIMS AND SURVIVORS 


There have been few attempts to generate an all-encompassing explanation 
for the patterns of survival and extinction on both land and sea. One such 
attempt was put forward by Anthony Hallam.’ Hallam argued that the selec- 
tivity of the extinctions could be most logically explained by a combination 
of climatic and other environmental consequences related to falling sea lev- 
els and volcanism. He even attempted to attribute the extinction of particu- 
lar groups to particular killing mechanisms. 

First, Hallam compiled his list of victims. On land, dinosaurs perished, as 
did pterosaurs—a group of flying reptiles. Some groups of mammals, such as 
the rodent-like multituberculates and the marsupials, suffered high levels of 
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extinction, along with some groups of land plants. Yet many other land plants, 
freshwater fish, amphibians, snakes, and placental mammals were not severely 
affected. In the oceans the Late Cretaceous extinctions completely eliminated 
ichthyosaurs, plesiosaurs, and mosasaurs—three groups of marine reptiles. 
Ammonites also became extinct. The microscopic marine organisms that lived 
near the surface of the ocean, such as coccoliths and forams, were almost com- 
pletely decimated, as were relatives of modern squid called belemnites. Numer- 
ous groups of corals, clams, snails, and echinoderms (starfish, sea urchins, and 
their relatives) were hard hit, along with bottom-dwelling forams and the micro- 
scopic radiolarians. But many kinds of marine invertebrates and microscopic 
organisms, called dinoflagellates, were not badly affected. 

Examining this list of victims, Hallam correctly tried to use the environ- 
mental limits of the closest living relatives of these victims as a guide for 
interpreting what killing mechanism was responsible for their extinction. 
Much of his discussion of extinctions was based on the acidity of the seawa- 
ter and freshwater. Scientists use the pH scale to standardize these mea- 
surements. A pH of 1 is very acidic. A pH of 7 is perfectly balanced between 
acidic and alkaline. A pH of 7 is about the value for normal drinking water. A 
pH of 14 is highly alkaline. Slightly alkaline water is commonly called “hard” 
water, whereas slightly acidic water is commonly called “soft” water. 

Modern surface-dwelling forams have difficulty living in seawater with acid 
levels below a pH of 7.6-7.8, and extant coccoliths die off in water with levels 
below 7.0-7.3. Accordingly, Hallam reasoned that volcanic eruptions, such as 
those that formed the Deccan Traps, released almost 21 trillion tons (19 trillion 
metric tons) of hydrogen sulfate (H2SO,) and 298 billion tons (270 billion met- 
ric tons) of hydrochloric acid (HCI). As a result, tremendous amounts of acid 
rain would be dumped into the surface waters of the world’s oceans—14 times 
the amount of acid rain generated by the burning of fossil fuels in Europe and 
the United States in 1976. In turn, the acidity levels of the surface waters in the 
ocean would drop to pH levels of 7.4 or lower, resulting in massive extinctions 
of planktonic forams and coccoliths. Since acidity levels in deeper levels of the 
ocean were less affected, the bottom-dwelling forams were reasoned to have 
fared much better. Similarly, living dinoflagellates can survive in water with pH 
levels as low as 4.0-5.0, and this group of microorganisms was one of the few to 
sail through the K-T crisis virtually unscathed. 

In freshwater environments, the effects of acid rain were also implicated in 
the selective extinction of fishes. Hallam noted that in modern Canadian 
lakes, different kinds of fish can survive different levels of acidity. Walleye and 
lake trout, for example, disappear when pH levels reach 5.8-5.2, but yellow 
perch and lake herring can survive at a pH of less than 4.7. If freshwater fish 
living during the K-T transition were similarly diverse in their tolerance of 
acidity, selectivity in extinction could be expected. Similarly, in the Canadian 
forests, red cedar and sugar maple trees are more tolerant of acid rain than 
white pine and white birch. Therefore, acid rain might be responsible for the 
selectivity seen in land plant extinctions at the end of the Cretaceous. 

Many of the larger marine invertebrates, such as corals, inoceramid 
clams, rudistid clams, some snails, and various echinoderms, that went 
extinct lived in reefs and other near-shore environments. Hallam argued 
that these shallow-water animals were essentially left high and dry at the 
end of the Cretaceous by the drop in sea level associated with the retreat 
of the shallow continental seaways. 
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In attributing the extinction of dinosaurs to the increased climatic extremes 
that resulted from this regression of the seaways, Hallam also invoked an 
increase in ultraviolet radiation. This effect, he argued, was the result of the 
tremendous amount of hydrochloric acid injected into the stratosphere by the 
K-T volcanism, which depleted the ozone layer in the atmosphere. He asserted 
that the deleterious effects of this increased radiation would be especially 
acute on terrestrial animals that were unprotected or unable to hide during 
either their adult or reproductive stages. However, he was unable to explain 
precisely why dinosaurs were so affected while other terrestrial vertebrates, 
such as placental mammals, birds, and freshwater amphibians, were not. This 
is especially puzzling given the recent reports that an increase in ultraviolet 
radiation, attributed to decreased ozone levels in our modern atmosphere, 
may be wreaking havoc on modern species of frogs and other amphibians. 

Hallam’s was a noble attempt to solve the murder mystery. But once 
again, given the fact that many of the same killing mechanisms that Hallam 
invoked as the result of volcanism have also been associated with the impact 
scenario, it becomes impossible to tease apart which event was responsible. 

In addition, the role of acid rain in these extinctions has been called into 
question by Steven D'Hondt of the University of Rhode Island and his col- 
leagues. They argue that acid rain is not a viable explanation for the selective 
extinction of plankton. Their calculations suggest that acid yields from the 
Chicxulub impact were not high enough to significantly alter the acidity of the 
ocean's surface waters. Further, living plankton with calcium carbonate shells 
exhibit a range of sensitivity to acid, and plankton with shells made of other 
materials are often acid sensitive.'!? D'Hondt also raised the point that, based 
on his calculations, about 20 percent of the entire sequence of Deccan erup- 
tions would have to have occurred in less than 20 years in order to have signif- 
icantly affected the pH of the ocean's surface waters. This is because a 20-year 
period is needed in order to thoroughly mix the surface waters with deeper 
ocean waters. Such mixing would have diluted the acid in the surface waters.!! 


WERE EXTINCTIONS MORE SEVERE 
NEAR THE EQUATOR THAN AT THE POLES? 


In the original formulation of the impact hypothesis, a dust cloud that cut off 
photosynthesis was implicated in the extinction of many species of plants. 
The role of seed, spore, and pollen reproduction has also been invoked to 
explain the pattern of extinction and survival among plants.!* The idea being 
that species that had their reproductive structures sheltered underneath the 
soil would have been more protected from extinction. However, the big pic- 
ture of plant extinction and survival on a global scale documents some inter- 
esting variations and complications. 

Kirk Johnson of the Denver Museum of Natural History, Leo Hickey of Yale 
University, Doug Nichols of the U.S. Geological Survey, and Carol Hotton 
formerly of the University of California at Davis have conducted studies on 
species of fossil pollen and fossil leaves that occur near the K-T boundary at 
midlatitude sites in the Western Interior of North America that reveal rela- 
tively high extinction rates for plants at midlatitude sites (roughly half way 
between the equator and the poles).!? As many as 30 to 50 percent of the 
fossil pollen species drop out at or near the boundary clay marked by the 
iridium anomaly. Among other kinds of fossil leaves, the extinction rate is 
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even higher (see fossil leaf photos in Chapter 3). Almost 80 percent of the 
latest Cretaceous leaf flora disappeared at the boundary. Most researchers 
conclude that this pattern of change is consistent with a sudden and cata- 
strophic event such as the Chicxulub impact. 

One specialist on fossil plants, Jack Wolfe of the U.S. Geological Survey, has 
even gone so far as to conclude that the impact occurred in early June. Wolfe 
based his interpretation on the reproductive stages exhibited by aquatic fos- 
sil plants preserved in the sediments and fallout debris at the bottom of an 
ancient pond now located at Teapot Dome, Wyoming.!* However, Nichols and 
Hickey have seriously questioned Wolfe's identifications of the species pre- 
sent and his interpretive methodologies.’ 

Near the south pole, the rates of extinction for fossil pollen species seem 
to be much lower than those in the midlatitudes of the northern hemi- 
sphere. On Seymour Island near the Antarctic Peninsula, only a few species 
disappear at the iridium anomaly according to Rosemary Askin of the Uni- 
versity of California at Riverside and her colleagues.!© Paleontologic studies 
on Seymour Island’s marine invertebrate fossils by workers such as William 
Zinsmeister of Purdue University and his colleagues are also interesting.!” 
In terms of typical marine invertebrates, such as clams, snails, lobsters, and 
ammonites, there is no abrupt change at the K-T boundary as marked by 
the iridium anomaly. Instead, there is a pattern of gradual extinction. The 
researchers originally argued that this is because this section is more com- 
plete than other marine K-T sections and thus preserves a more detailed 
picture of the sequence of extinctions. This pattern of extinctions has been 
used to argue against a single catastrophic extinction event caused by an 
impact. In addition, studies of forams by Gerta Keller in sediments pre- 
served on the sea bottom off the Antarctic coast are also thought to exhibit 
a gradual pattern of extinctions.!® 

Not surprisingly, proponents of the impact hypothesis have argued that the 
extinction was abrupt but that because of preservational gaps, sampling prob- 
lems, and reworking, the pattern of extinctions appears gradual. Recently, 
Zinsmeister revised his opinion; he now believes that the section at Seymour 
Island reflects a catastrophic rather than a gradual faunal turnover.!? 

A gradual pattern of extinctions is also found for pollen species of plants 
in sections spanning the K-T boundary in New Zealand, which was. much far- 
ther south 65 million years ago than it is today. The rate of extinction is 
reported by Kirk Johnson to be much lower than that found in the Western 
Interior of North America.” In addition, the fossil record of radiolarians, 
microscopic marine organisms, has been studied in five rock sequences by 
Chris Hollis of Utsunomiya University. They show that all 44 of the Late Cre- 
taceous species survived the boundary events, then gradually became extinct 
above the K-T boundary?! 

These contrasts in extinction rates and patterns have led some paleontolo- 
gists, including David Archibald, Norman MacLeod, and Gerta Keller, to argue 
that the effects of the impact, if any, were greatly reduced at higher latitudes 
than at midlatitudes. This would make good intuitive sense, given that the 
impact occurred at a midlatitude site near present-day Yucatan. 

This idea also squares with a proposal made by Peter Schultz of Brown Uni- 
versity and Steven D'Hondt. Based on the Chicxulub crater’s asymmetry, they 
hypothesized that the impacting body came in through the atmosphere at a low 
angle—not straight down.** The gravity maps of the crater appear to document 
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a horseshoe-shaped crater with a steep southeast side and a shallower north- 
west side. Such a configuration seems to indicate that the impacting body came 
- in at an angle of only 20 to 30 degrees from the southeast. If so, the fireball 
resulting from the impact would spread directionally to the northwest over 
North America. The evidence from both the fossil and rock records is consistent 
with this scenario. Extinctions over the midcontinent of North America were 
especially severe. At some North American sites, there are two fallout layers, 
characteristic of oblique impacts simulated in laboratory experiments. Also, the 


fragments of shocked quartz are larger in North America than in K-T sections 


from other parts of the world. This hypothesis will undoubtedly catalyze further 
tests to generate evidence that either confirms or refutes the scenario. 

This scenario also seems to be consistent with the research of David Jablon- 
ski and David Raup, who noted an apparent correlation between the geograph- 
ic range of a group and its survival rate.2? Those organisms that were geograph- 
ically widespread fared better than those whose ranges were more restricted. 

Nonetheless, for plants and animals, it’s still almost impossible to pin- 
point one “killing mechanism” from any one event. But what if we narrowed 
the scope a bit and focused just on vertebrates living on the continents, 
including the dinosaurs? 


THE FOSSIL RECORD OF DINOSAURS 
AROUND THE WORLD 


To document a global extinction of dinosaurs clearly requires having a late 
Cretaceous fossil record of dinosaurs from many areas around the world. 
Does such a fossil record exist? 

Two vertebrate paleontologists have looked closely at this question, Peter 
Dodson of the University of Pennsylvania and David Archibald.** In assessing 
the late Cretaceous record, these workers have noted that only twenty-six of 
latest Cretaceous dinosaur localities have been discovered throughout the 


The map of the Chicxulub crater is 
based on contours representing gravity 
data. Note the asymmetrical, horseshoe- 
shaped depression defined by the 
gravity data. 
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whole world. All but six of these localities are found in the central interior of 
North America. These twenty-six localities preserve remains of only twenty 
different genera of dinosaurs, and fourteen of these twenty are restricted to 
North American localities. So, although we probably have a fairly good idea 
of what was happening in the interior of North America, we are almost total- 
ly ignorant of how dinosaurs were faring at the end of the Cretaceous in other 
parts of the world. 

Its certainly possible that dinosaurs might have gone extinct in one geo- 
graphic area but not in another area. Thus, the geographic incompleteness of 
the fossil record greatly hinders our ability to evaluate exactly what effect the 
volcanic eruptions and impact had on dinosaur faunas on different continents. 


PATTERNS OF EXTINCTION AND SURVIVAL 
OF VERTEBRATES ON THE CONTINENTS 


On land, reptiles larger than about 44 pounds (20 kg) suffered extinction at 
higher rates than smaller reptiles.” This accounts for most of the dinosaurs 
that lived at the end of the Cretaceous, including the North American forms 
Tyrannosaurus, Triceratops, Anatotitan, Edmontosaurus, and Pachycephalosaurus. 


Maps showing locations of latest 
Cretaceous and earliest Tertiary fossil 
localities throughout the world. In the 
map (at left), the dots indicate the latest 
Cretaceous dinosaur localities. In the 
map (below), the dots indicate localities 
which span the K-T boundary. These 
localities can be used to document 

the changes that occurred during the 
extinction event. 
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However, size is not a foolproof guide. The crocodilian lineage, for example, 
apparently sailed right through, although a number of reptiles smaller than 
44 pounds became extinct, including the dinosaurs Dromaeosaurus and Troodon. 

In addition to body size, an animal's position in the food chain has also 
been raised as a factor influencing its survival or extinction. Some researchers, 
including Peter Sheehan at the Milwaukee Public Museum, have noted that 
those animals dependent on living plants, or on animals that ate living plants, 
were more susceptible to extinction than those which fed on dead plant or 
animal material.2° Again, it’s not possible know the diet of an extinct animal, 
making this hypothesis difficult to test rigorously. Also, these supposed fac- 
tors do not specify which “killing mechanism” was responsible. 

By far the most detailed look at what happened to vertebrates on land dur- 
ing the K-T boundary has been compiled by a group of paleontologists who 
began working out of UC Berkeley under the direction of William Clemens, 
including David Archibald, Howard Hutchison, Laurie Bryant, and Donald 
Lofgren.?’ Their work focuses on the continental vertebrate fauna in the 
Western Interior of North America. Archibald’s 1996 book summarizes this 
massive body of research, explaining the extinction patterns group by group 
and contrasting how many species in the latest Cretaceous rocks of the 
Western Interior had representatives in the early Tertiary rocks of the region. 
Before attempting to provide an explanation for the pattern of victims and 
survivors, Archibald first lists the species that form the pattern. 

Sharks and rays were hard hit. Of the five species present in streams or 
ponds below the K-T boundary, none are found above, resulting in an extinc- 
tion rate of 100 percent. Among ray-finned fishes, the most common and 
diverse group of modern bony fish, fifteen species are recorded, including 
seven representatives of relatively primitive groups, such as paddlefish, stur- 
geons, bowfins, and gars. All of these groups have members living today. Five 
of the seven late Cretaceous species are represented by survivors found 
above the boundary. Among the more advanced groups of ray-finned fish (the 
teleosts), four of eight species have descendants that survived events at the 
boundary. Some of the surviving groups are related to living pike, perch, and 
mudminnows. Overall, nine of fifteen ray-finned fish species are found above 
the boundary, constituting a survival rate of 60 percent. 

Seven species of salamanders and one species of frog are found in the late 
Cretaceous. Interestingly, all of these species survived the events at the K-T 
boundary, yielding a survival rate of 100 percent. 

Of seventeen species of turtles present in the late Cretaceous, fifteen 
survived the extinction event. This results in an impressive survival rate of 
88 percent. Among lizards and snakes the results were more grim. Only three 
of ten species survived the boundary events. However, the crocodiles and 
alligators did better: four out of five species continued to exist in the Tertiary. 

In terms of mammals, different groups suffered vastly different rates of 
extinction. Late Cretaceous faunas in North America are known to have con- 
tained ten species of rodentlike multituberculates. Five of these are repre- 
sented by descendants above the K-T boundary, resulting in an extinction 
rate of 50 percent for the group. Among marsupial mammals, only one out of 
eleven species survived. However, among placental mammals, all six species 
are found in rocks above the boundary. Clearly, the events at the K-T bound- 
ary affected these groups of small mammals quite differently. 
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SURVIVAL OR EXTINCTION OF 


VERTEBRATE SPECIES ACROSS THE K-T BOUNDARY 


Species from the Upper Cretaceous 
Hell Creek Formation, Montana 
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ELASMOBRANCHII 
RHINOBATOIDEI 
Family Indeterminate 
Myledaphus bipartitus 
SCLERORHYNCHOIDE! 
SCLERORHYNCHIDAE 
Ischyrhiza avonicola 
?SCLERORHYNCHIDAE 
“Squatirhina” americana 
2?O0RECTOLOBIFORMES 
Family indeterminate 
“Brachaelurus” estesi 
POLYACRODONTIDAE 
Lissodus selachos 


ACTINOPTERYGII 
CHONDROSTEI 
ACIPENSERIDAE 
“Acipenser” albertensis 
“Acipenser” eruciferus 
Protoscaphirhynchus squamosus 
POLYODONTIDAE 
undescribed Polyodontidae 
NEOPTERYGH 
(HOLOSTEANS) 
AMIDAE 
Kindleia fragosa 
Melvius thornasi 
LEPISOSTEIDAE 
Lepisosteus occidentalis 
(TELEOSTS) 
“APIDORHYNCHIDAE” 
Belonostomus longirostris 
Belonostomus sp. 
ESOCIDAE 
Estesesox foxi 
Family indeterminate 
undescribed Esocoidei 
New, unpublished family 
Platacodon nanus 


PACHYRHIZODONTOIDET, indet. - 


species indeterminate 
PALAEOLABRIDAE 

Palaeolabrus montanensis 
PHYLLODONTIDAE 

Phyllodus paulkatoi 


LISSAMPHIBIA 
ANURA 
DISCOGLOSSIDAE 
Scotiophryne pustulosa 
CAUDATA 
BATRACHOSAUROIDIDAE 
Opisthotriton kayi 
Prodesmodon copei 


Survivors 


of K/T 
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Number and % survival 9/15 (60%) 


Species from the Upper Cretaceous 
Hell Creek Formation, Montana 


LISSAMPHIBIA 

PROSIRENIDAE 

Albanerpeton nexuosus r 
SCAPHERPETONTIDAE 

Lisserpeton bairdiX 

cf. Piceoerpeton sp. r 

Scapherpeton tectum 
SIRENIDAE 

Habrosaurus dilatus 

Number and % survival 


MAMMALIA 


MULTITUBERCULATA 
CIMOLODONTIDAE 
Cimolodon nitidus 
CIMOLOMYIDAE 
Cimolomys gracilis r 
Meniscoessus robustus 
Family indeterminate 
Cimexomys minor r 
Essonodon browni 
Paracimexomys priscus 
NEOPLAGIAULACIDAE 
Mesodma formosa 
Mesodma hensleighi 
Mesodma thompsoni 
? Neoplagiaulax burgessi r 
Number and % survival 


EUTHERIA 

GYPSONICTOPIDAE 
Gypsonictops illuminatus 

PALAEORYCTIDAE 
Batodon tenuis r 
Cimolestes cerberoides r 
Cimolestes incisus if 
Cimolestes magnus r 
Cimolestes propalaeoryctes T 


DIDELPHODONTIDAE 
Didelphodon vorax 
Family indeterminate 
Glasbius twitchelli 
PEDIOMYDAE 
Pediomys. cooki r 
Pediomys elegans r 
Pediomys florencae 
Pediomys hatcheri 
Pediomys krejcii ig 
PERADECTIDAE 
Alphadon marshi 
Alphadon wilsoni 
Protaiphadon lulli r 
Turgidodon rhaister r 
Number and % survival 
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5/10 (50%) 
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1/11 (9%) 
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SURVIVAL OR EXTINCTION OF 


VERTEBRATE SPECIES ACROSS THE K-T BOUNDARY continued) 


Species from the Upper Cretaceous 
Hell Creek Formation, Montana 


REPTILIA 
TESTUDINES 

ADOCIDAE 
Adocus sp. 

BAENIDAE 
Eubaena cephalica 
Neurankylus cf. N. eximius 
Palatobaena bairdi 
Plesiobaena antiqua 
Stygiochelys estesi 

= CHELYDRIDAE 

Chelydridae indet. 
Emarginochelys cretacea 

KINOSTERNIDAE 
Kinosternidae indet. 

MACROBAENIDAE 
“Clemmys” backmani 

NANHSIUNGCHELYDIDAE 
Basilemys sinuosa 

PLEUROSTERNIDAE 
Compsemys victa 

TRIONYCHIDAE 
Heloplanoplia distincta 
“Plastomenus” sp. A 
“Plastomenus” sp. C 
Trionyx (Aspideretes) sp. 
Trionyx (Trionyx) sp. 

Number and % survival 


SQUAMATA 
ANGUIDAE 
Odaxosaurus piger 
?HELODERMATIDAE 
Paraderma bogerti 
NECROSAURIDAE 
Parasaniwa wyomingensis 
SCINCIDAE 
Contogenys sloani 
TEIIDAE 
Chamops segnis 
Haptosphenus placodon 
Leptochamops denticulatus 
Peneteius aquilonius 
?VARANIDAE 
Palaeosaniwa canadensis 
XENOSAURIDAE 
Exostinus lancensis 


Number and % survival 


CHORISTODERA 
CHAMPSOSAURIDAE 
Champsosaurus sp. indet. 
Number and % survival 
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3/10 (30%) 


Survivors 


of K/T 
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15/17 (88%) 
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DINOSAURIA 


Species from the Upper Cretaceous 
Hell Creek Formation, Montana 


CROCODILIA 
ALLIGATOROIDEA 
Brachychampsa montana 
undescribed alligatoroid(?) A 
undescribed alligatoroid(?) B 
CROCODYLIDAE 
Leidyosuchus sternbergi 
THORACOSAURIDAE 
Thoracosaurus neocesariensis 
Number and % survival 


ORNITHISCHIA 
ANKYLOSAURIDAE 
Ankylosaurus magniventris 
CERATOPSIDAE 
Torosaurus ? latus 
Triceratops horridus 
HADROSAURIDAE 
Anatotitan copei 
Edmontosaurus annectens 
NODOSAURIDAE 
? Edmontonia sp. 
PACHYCEPHALOSAURIDAE 
Pachycephalosaurus wyomingensis 
Stegoceras validus 
Stygimoloch spinifer 


Number & % survival 


SAURISCHIA 
DROMAEOSAURIDAE 
Dromaeosaurus sp. 
? Velociraptor sp. 
ELMISAURIDAE 
? Chirostenotes sp. 
ORNOTHOMIMIDAE 
Ornothomimus sp. 
TROODONTIDAE 
Paronychodon lacustris 
Troodon formosus 
TYRANNOSAURIDAE 
Albertosaurus lancensis 
Aublysodon cf. A. mirandus 
Tyrannosaurus rex 
Number & % survival 


TOTAL NUMBER AND % SURVIVAL 


SOURCE: Data from J. D. Archibald, 1996, Dinosaur Extinction and the End of an Era, Columbia University Press, New York, pp. 84-85. 
NOTE: X by scientific name means the species is represented by a survivor in the Tertiary. O by scientific name means the species went extinct. 


r means the species is rare in fossil collections. 
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52/107 (49%) 
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The fossil record of birds is very poor in the Hell 
Creek Formation, although its implications for dinosaur 
extinction and survival are quite important, as will be 
discussed in great detail in Part II of this book. 

Finally, none of the nineteen species of convention- 
ally recognized dinosaurs survived the boundary events. 
The decimated genera included: Ankylosaurus, Torosaurus, 
Triceratops, Anatotitan, Edmontosaurus, Thescelosaurus, Edmon- 
tonia, Pachycephalosaurus, Stegoceras, Stygimoloch, Dro- 
maeosaurus, Velociraptor, Chirostenotes, Ornithomimus, Parony- 
chodon, Troodon, Albertosaurus, Aublysodon, and of course, 
Tyrannosaurus. Regarding this list, Albertosaurus might be 
replaced with Nanotyrannus, and Leptoceratops and Alam- 
osaurus might be added.?8 

Overall, of 107 species of terrestrial vertebrates pre- 
sent in the Hell Creek deposits, 49 percent appear to 
have been survivors of the extinction event in the West- 
ern Interior of North America. These are puzzling num- 
bers that make up a complex pattern of survival and 
extinction. Archibald notes that, among terrestrial ver- 
tebrates, extinctions in just five of the twelve major 
groups (sharks and rays, marsupials, lizards and 
snakes, along with ornithischian dinosaurs and 
saurischian dinosaurs) account for 75 percent of the 
extinctions that occurred in the Western Interior during 
the K-T boundary. He argues, quite correctly, that this 
pattern must be explained by any mechanism invoked 
as a cause for the extinctions. 

Using this extensive paleontologic census as a foun- 
dation, Archibald has offered a thoughtful analysis of 
why some groups of vertebrates, such a dinosaurs, suf- 
fered more than others.?? In essence, he considered 
three potential causes for the extinctions, the impact, 
volcanic events, and the retreat of shallow continental 
seas. In relation to the impact hypothesis, he argued 
that the known record of continental vertebrates does 
not jibe well with the killing mechanisms alleged to 
have resulted from the impact. For example, one would 
expect the cold-blooded vertebrates to have been 
affected most by the subfreezing temperatures. For 
lizards, this seems to be true, as evidenced by a 70 per- 
cent rate of extinction across the boundary. However, 
other cold-blooded groups—frogs (0 percent), salaman- 
ders (0 percent), turtles (12 percent), and crocodiles and 
alligators (20 percent)—were minimally affected. In all, 
only four of the twelve groups of vertebrates studied 
(bony fish, multituberculate mammals, placental mam- 
mals, and lizards) fit the extinction pattern predicted by 
sudden cooling. (Steven D'Hondt has pointed out that 
many of these groups can survive subfreezing tempera- 
tures by estivating.)?° 


Elasmobranchii 


(sharks & relatives) Pen 


Actinopterygii 
(ray-finned fishes) 


Lissamphibia (frogs 
& salamanders) 


Multituberculata 
(multituberculates) 


Eutheria 
(placentals) 


jaaa e A 
(marsupials) 


Chelonia 
(turtles) 


Squamata 
(lizards) 


Choristodera 
(champsosaurs) 


Crocodilia (crocs 
& alligators) 


Ornithischia (bird- 
hipped dinosaurs) 


Saurischia (reptile- F 
hipped dinosaurs) None (except for birds) 


0 50 


None 


% Species survival 


Chart documenting the rate of survival for late Cretaceous 
vertebrates during the K-T transition in the western part of 
North America. Overall, 49 percent (52 of 107 species) survived 
the K-T transition. 
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Questions remain about which, if any, of the extinct dinosaurs were actu- 
ally warm-blooded, so it is difficult to be certain how freezing temperatures 
might have affected them. Archibald argues that the large body size of most 
dinosaurs would have, in essence, insulated them from the effects of lower 
temperatures. However, not all the dinosaurs that went extinct, including 
the bone-headed pachycephalosaur Stegoceras, and the small carnivores Dro- 
maeosaurus and Troodon, had large bodies. 

In terms of acid rain, Archibald noted that impact modelers had argued 
that both nitric acid (HNO3) and sulfuric acid (H504) would be produced 
as a result of the impact. These acids would then fall on the continents and 
oceans during rainstorms. The pH of such an acid rain has been estimated 
by modelers to have been as low as 0 to 3. Archibald added that today rain 
below a pH of 5 is considered unnaturally acidic, although rains as low as 
3.8 and fogs as low as 2.1 have been recorded. The eggs and adults of 
aquatic vertebrates are damaged at a pH lower than 3. If the pH of rains 
dropped to 0, the results on terrestrial vertebrates would have been devas- 
tating. However, among aquatic vertebrates in the Western Interior, only 
sharks and rays suffered drastically (with an extinction rate of 100 percent). 
Bony fish (40 percent), amphibians (0 percent), turtles (about 12 percent), 
and crocodiles and alligators (20 percent) each fared pretty well. Overall, 


only three of the twelve major vertebrate taxa (sharks, multituberculate’ 


mammals, and placental mammals) fit the expected extinction pattern for 
acid rain. 

Again, it’s not certain how such acidic rains might have affected the dino- 
saurs that went extinct. However, Archibald notes that all life forms would die 
from exposure to water of pH less than 1.5. However, his table does not reflect 
that these groups would suffer extinction as a result of acid rain. This might 
well be debatable. 

In terms of the global wildfires caused by the impact, researchers have 
estimated that the infernos would have burned the equivalent of half of all 
the modern forests—possibly 25 percent of all the terrestrial biomass that 
existed at the end of the Cretaceous. Archibald argues that such a massive 
apocalypse would have been devastating to both plants and animals, gen- 
erating a fallout of organic and inorganic debris beyond any in our human 
experience. To him, such a horrific event could not have produced the selec- 
tive pattern of survival and extinction reflected in the known vertebrate fos- 
sil record. Of the twelve groups Archibald studied, only five (sharks, marsu- 
pials, lizards, ornithischians, and saurischians) exhibit near total rates of 
extinction as would be expected by him if a global wildfire had actually 
occurred. 

In all, Archibald concludes that only five of the twelve groups of verte- 
brates he studied exhibit extinction patterns consistent with the predicted 
patterns for impact-related effects (sharks and rays, marsupials, lizards, and 
the two groups of dinosaurs). 

Turning to volcanic scenarios, Archibald notes that Deccan researchers 
have estimated that enough lava was produced to cover both Alaska and Texas 
to a depth of 2000 feet (600 m). In Archibald’s view, the primary consequence 
would have been higher levels of debris in the atmosphere, especially carbon 
dioxide. This resulted in global warming due to the greenhouse effect, and it 
may have been a boon for plants, which utilize carbon dioxide in photosyn- 
thesis. Yet, Archibald notes that some evidence based on measuring different 
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TESTING POSSIBLE CAUSES OF K-T EXTINCTIONS 
AGAINST SURVIVORSHIP PREDICTIONS AND OBSERVED PATTERNS 
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OBSERVATIONS 
Number L K vert. species 5 15 8 10 6 1] 17 10 5 10 9 
Number of K/T survivals 0 9 8 5 6 l 15 l 3 4 0 0 
Significant extinction YES NO NO NO NO- YES NO NO YES NOMS YESMEYES 
ULTIMATE CAUSE l 
Impact (and volcanism?) YES yes yes yes yes YES yes yes YES yes YES YES : 5 i 
Proximate corollaries i y 
Sudden cooling no NO yes NO NO no yes yes YES yes no no . 4 
Acid rain KES yes yes NO NO no yes yes no yes yes no To 
Global wildfire YES yes yes yes yes YES yes yes YES yes YES YES mm 
ULTIMATE CAUSE on} 
Marine regression YES NO NO NO NO . YES NO NO no NO SYES NBS : j i1 
Proximate corollaries : ae 
Habitat fragmentation no NO NO NO NO no NO NO no NO YES YES 9 
Lengthening of streams YES NO NO NO NO no NO NO no NO no no 8 
Competition no NO NO NO NO YES NO NO no NO no no 8 
Corollaries not li. 
ultimate-cause specific SH 
Local wildfire no NO NO yes yes YES NO NO YES NO YES YES S 
Detrital influx no NO NO yes yes YES NO NO YES NO YES YES Ga 


SOURCE: J. D. Archibald, 1996, Dinosaur Extinction and the End of an Era, Columbia University Press, New York, p. 128. 


NOTE: This table attempts to correlate the potential killing mechanisms resulting from impact, volcanic activity, and seaway retreat with the 
pattern of extinctions and survival in vertebrates of the Western Interior in North America. Major groups of vertebrates are listed across the 
top. Along the left-hand side at the top, an analysis of extinction and survival rates for those groups is shown. The third row down shows 
which groups suffered major extinction (less than 30 percent survival = yes; greater than 50 percent survival = No). An analysis of how the 
patterns of extinction and survival for the major groups corresponds to the patterns predicted by the different extinction scenarios follows. 
Capitalized “ves” and “No” designations indicate agreement between the predictions of the scenario and the observed pattern. Lowercase 
“yes” and “no” indicate a lack of agreement. Numbers in the right-hand column indicate how many of the major groups conform to the 
predictions of the particular killing mechanism. 


forms of oxygen atoms in marine sediments off of Africa suggest that the tem- 
perature of the ocean actually decreased by about 8°C (14° F) during the K-T 
transition. He suggests that because of the long-term nature of this tempera- 
ture change, most organisms, especially those with short generation times, 
would have been able to adapt successfully. Those with longer generation 
times, such as dinosaurs, might not have been able to. 

Curiously, Archibald does not address potential effects of acidic rain 
generated by volcanic eruptions, an effect prominently discussed by propo- 
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nents of the volcanic scenario for extinction. But, in his table summarizing 
his results, he lumps the effects of impacts and volcanism together, so pre- 
sumably his conclusions would mirror those argued for impact-based acid 
rains. If volcanism is assumed to have caused sudden cooling and acid rain, 
but not global wildfires, then the table can be used to estimate how many 
of the twelve groups fit the expected pattern of extinction. Four of the twelve 
groups fit the expected pattern (sharks and rays, multituberculate mam- 
mals, placental mammals, and lizards). 

Finally, Archibald discusses how the fossil record of vertebrates fits the 
potential effects resulting from the retreat of continental seas back into the 
major ocean basins at the end of the Cretaceous. As noted previously, the 
retreat of these seaways is probably related to plate tectonic motions and 
may even be related to the plumes of magma that created the large episode 
of volcanic activity at the end of the Cretaceous. 

Archibald, citing work by Alan Smith of Cambridge University and his col- 
leagues, first presents the case that the retreat of the continental seas at the 
end of the Cretaceous was among the most extensive in the history of the 
Earth.?! As the seaways pulled back, the land surface of the planet is thought 
to have increased by more than 25 percent—an increase equal to adding a 
continent the size of modern-day Africa. He notes three resulting potential 
causes for extinction: habitat fragmentation, lengthening of streams, and 
competition from invading species across land bridges. 

Archibald argues that the retreat of the seaways generated a reduction in 
the area of coastal plains, where most of our evidence of Late Cretaceous ver- 
tebrates is found. He reasons that such a reduction of habitat would affect 
large vertebrates, such as most dinosaurs, first because these require the 
most habitat area per animal to satisfy their needs. As evidence for such an 
effect, Archibald cited the deleterious effects of habitat loss on today’s large 
mammals in the Rift Valley System of East Africa. He goes on to discuss 
another effect of the marine regressions: habitat fragmentation. He notes 
that some paleontologists have argued that the concept of habitat fragmen- 
tation is not testable with geographically incomplete fossil records. But cit- 
ing the work of modern ecologists, Archibald states that, if a habitat is bro- 
ken up into many pieces, the ability of animals to move from one area of the 
habitat to another is impeded. Consequently, it may not be possible to main- 
tain populations of animals large enough to assure a species’ reproductive 
viability, especially for large organisms like dinosaurs. 

Comparing this prediction to the fossil record, Archibald notes that only 
eight of thirty large vertebrate species present in the Late Cretaceous survived 
the extinction events. All eight survivors were at least partially aquatic, includ- 
ing two fish, one turtle, and a number of crocodiles and alligators. The extin- 
guished species include one turtle, one lizard, one crocodilian, and nineteen 
dinosaurs. He argues that nine of the twelve groups he studied fit the expect- 
ed extinction pattern for habitat fragmentation (all but sharks, marsupial 
mammals, and lizards). 

Critics such as Steven D’Hondt have raised questions about the validity of 
Archibald’s analysis.?2 One is that not all dinosaurs lived along the coastal 
plain. With greater continental areas exposed as the result of seaway retreat, 
other environments must have expanded. Why didn’t dinosaurs living in 
those environments prosper? 
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Archibald also notes that with the retreat of seaways, river systems must 
have become longer, increasing the area of these freshwater aquatic habitats. 
Freshwater vertebrates, including ray-finned fish, salamanders, aquatic turtles, 
crocodiles, and alligators, did pretty well. However, the sharks and rays, with 
their ties to marine environments, disappeared from the area. In all, Archibald 
feels that eight of the twelve vertebrate groups studied fit the extinction pattern 
predicted by lengthened rivers and reduced coastal marine environments (all 
but marsupial mammals, lizards, and the two groups of dinosaurs). 

Finally, Archibald argues that the drastic reduction of marsupial mammals 
across the K-T boundary was due to the immigration and resulting competition 
of archaic hooved mammals from Asia. The fossil record shows that about fif- 
teen species of marsupials were present in the Western Interior just before the 
K-T boundary. That number dropped precipitously to one after the extinction 
events. As the seaways retreated, the Bering Land Bridge between Alaska and 
Asia became exposed above sea level. Within a million years of the K-T bound- 
ary, thirty species of archaic hooved mammals, thought to have originated in 
Asia between 80 and 85 million years ago, reached North America. It’s this 
coincidence that led Archibald to suggest that the archaic hooved mammals 
out-competed the marsupials. This is certainly possible, but competition in the 
fossil record is a very difficult proposition to test because we cannot observe 
the populations interacting. Despite this, Archibald argues that eight of the 
twelve groups have extinction patterns consistent with the expected effects of 
competition (all but sharks, lizards, and the two dinosaur groups). 

In all, Archibald argues that the fossil records for eleven of the twelve 
groups of vertebrates studied fit the anticipated patterns for the three extinc- 
tion mechanisms related to marine regression. Only lizards do not. Accord- 
ingly, Archibald concludes that marine regression explains the most evidence 
available in the fossil and rock records. 

At the time of this writing, Archibald's study has just been published. It is 
clearly the most comprehensive effort of its kind and will undoubtedly gen- 
erate a great deal of further discussion from advocates of all the different 
extinction hypotheses. 

Thus, there is good geological evidence for a monumental impact, a mas- 
sive volcanic event, and the retreat of shallow continental seaways at the end 
of the Cretaceous. The “killing mechanisms” ascribed to each event could have 
taken their respective tolls on the Earth’s biota. Since many of those killing 
mechanisms were associated with more than one event and since different 
killing mechanisms could have killed off a particular group of organisms, it is 
difficult to associate the extinction of particular groups with a particular event 
and a particular mechanism. This is especially true since the period of vol- 
canism and seaway retreat overlapped in time with the Chicxulub impact. 

If we could assure ourselves that the extinctions occurred very quickly at 
the end of the Cretaceous, rather than over a longer period of time, that 
might help us decide which event was responsible. This is because the effects 
of the impact are thought to have operated over a period of only months to 
a few thousand years, whereas those associated with volcanism and seaway 
retreat are generally thought to have operated over tens or hundreds of thou- 
sands of years. How well can we really distinguish the durations of these 
kinds of events in the geologic record at the end of the Cretaceous? That 
question is the focus of the next chapter. 


Our Hazy View of Time 
fat the K-T Boundary 


55 mi llion years ago is a significant ch 
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has a direct effect on our ability to ner whether the 
K-T extinction happened very quickly, as predicted by 
the impact hypothesis, or more gradually, as suggested by 
most scenarios involving volcanic activity and the retreat of 


shallow seaways. 
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There are two common ways to tell geologic time. In the first, “relative” 
geologic time, all one is trying to do is decide whether a particular event hap- 
pened earlier or later than another event. No judgment is made about how 
much earlier or later that event occurred. As mentioned in earlier chapters, 
this concept is based on the law of superposition, which generally states that 
layers of rocks and fossils that lie lower in a sequence are older than layers 
and fossils that lie higher in the sequence. This is because layers are laid 
down one on top of the other. 

The second way to tell geologic time is termed “scaled” or “absolute” geo- 
logic time. Here, instead of simply trying to determine whether one event 
occurred earlier or later than another, we try to estimate how much earlier or 
later it occurred in terms of years. The only way to reliably scale time in terms 
of “years before the present” is through radioisotopic dating. It is through 
radioisotopic dating that the age of the K-T impact has been estimated to be 
64.98 million + 50,000 years. Other geologic timescales exist, such as the pre- 
viously mentioned timescale based on the reversals of the Earth’s magnetic 
field, but almost all of these timescales ultimately rely on radioisotopic dates 
for calibration in terms of years before present. 

In terms of the debate between proponents of the impact and volcanic 
extinction scenarios, how does our ability to tell time through these relative 
and scaled methods affect our ability to assign responsibility for the extinc- 
tions to the two competing hypotheses? 


STEPWISE EXTINCTIONS AND MULTIPLE 
IRIDIUM ANOMALIES 


In its original form, the impact hypothesis posited a single catastrophic 
blast as the cause of the terminal Cretaceous extinctions. However, in the 
last half of the 1980s a modified hypothesis began to take shape. The large 
iridium enrichment associated with the boundary clay and the last appear- 
ances of typical Cretaceous organisms could not explain the detailed pat- 
tern of the last occurrences of extinguished organisms seen in the rock lay- 
ers leading up to the K-T boundary. Instead, a series of steplike extinction 
events appear to have occurred in the layers just below the boundary clay 
containing the major iridium enrichment.! In some rock sequences span- 
ning the K-T boundary, the high concentrations of iridium are not restricted 
to the boundary clay itself. The iridium enrichment appears to more gradu- 
ally diminish in intensity as one moves either up or down from the bound- 
ary clay over distances of a few meters. These are termed “smeared” anom- 
alies. Occasionally, subsidiary peaks of iridium concentration are associated 
with these smeared enrichments and are interpreted by some to represent 
multiple iridium anomalies. 

Correlated with the apparent stepwise extinction events below the bound- 
ary are significant changes in the ratios of different forms of carbon, oxygen, 
and osmium atoms. These are interpreted by Jeffrey Mount of the University 
of California at Davis and his colleagues to represent significant environ- 
mental and/or climatic changes during an extended period of the K-T transi- 
tion. Taken as a whole, the picture seems to suggest that a series of small 
extinction events occurred over a period of several hundreds of thousands or 
even a few million years before the major impact. 


Not surprisingly, proponents of impact scenarios 
have distinctly different interpretations of what these 
stepwise extinctions represent than do proponents of 
volcanically-based scenarios. To impact proponents, 
the stepwise extinctions and the multiple or smeared 
iridium enrichments are documentation of multiple 
impacts, supporting the belief that the extinctions 
were caused by a swarm of cometary impacts that last- 
ed less that a couple of million years. To proponents 
of volcanic scenarios, the stepwise extinctions and 
iridium anomalies document the major pulses of vol- 
canic activity and associated environmental havoc 
resulting from the eruptions that formed the Deccan 
Traps and other terminal Cretaceous volcanic activity. 

In large part, these differences of opinion result 
from the approaches used to interpreting the relative 
positions of the fossils present in the sequence of 
rock layers spanning the K-T boundary. One problem, 
pointed out by Phil Signor of the University of Cali- 
fornia at Davis and Jere Lipps of UC Berkeley, is that 
organisms that were relatively rare elements in these 
faunas are not likely to be preserved as often as more 
abundant members of the faunas.* Consequently, the 
less common organisms may appear to drop out of the 
fossil record well below the boundary, even though 
they may have lived right up to the last moment of 
the Cretaceous. They appear to disappear because we 
have yet to find them preserved as fossils close to 
the boundary. This sampling or preservational phe- 
nomena might make one large extinction event look 
more gradual or “stepped” in the geologic record. 

On the other hand, because gaps in time may be 
present between different layers of rocks containing 
the fossils, artificially large numbers of organisms can 
appear to disappear from the record abruptly. Some 
of these animals that appear to drop out might have 
actually lived longer, but there are no layers of sedi- 
ment to document their existence. 

Similarly, as David Jablonski of the University of 
Chicago and Karl Flessa of the University of Arizona 
point out, there are instances in which a fossil animal 
appears to drop out of the record temporarily, only to 
reappear several layers higher up in the sequence.? 
Such a pattern might be interpreted to mean that the 
organism was temporarily not living in the local area 
but survived in other regions before returning to its 
original habitat. 

Finally, because layers of sediment and enclosed 
fossils can be eroded from their original position in the 
sequence and redeposited later into younger layers 
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These diagrams illustrate how different patterns of extinction 
might look in the geologic record. Three different hypothetical 
stratigraphic sections are shown on the left. Each section is 

100 meters thick and contains several layers of rock. To the right, 
the vertical ranges of several kinds of fossil animals are plotted. 
In other words, each kind of animal is found throughout the 
interval of rock layers corresponding to the height of the vertical 
line. In (a), many kinds of animals disappear at the same level in 
the sequence of rocks, suggesting a catastrophic extinction. In 
(b), different kind of animals disappear at five different levels 
within the sequence of layers, suggesting a stepwise pattern of 
extinction. In (c), almost every kind of animal disappears at a 
different level in the sequence, suggesting a more gradual pattern 
of extinction. 
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higher in the sequence, it is dangerous to read the fossil record too literally. 
In essence, nature can subtly fool with the law of superposition, as David 
Archibald has noted.4 

All these possibile complications make a consensus about whether extinc- 
tions were abrupt or more gradually stepped difficult to achieve. This is espe- 
cially true when paleontologists are dealing with the fossil record on either 
very fine or very broad stratigraphic and temporal scales. Take the fossil record 
of dinosaurs in North America, for example. A literal reading of the record 
shows that, about 8 million years before the end of the Cretaceous, there were 
about thirty-three genera of dinosaurs recorded in the Judith River Formation. 
However, near the end of the Cretaceous, only nineteen genera were present 
in the Hell Creek Formation. This appears to document a gradual decline in 
the kinds of dinosaurs living before the terminal Creatceous events. This 
agrees with the conclusion reached by Robert Sullivan of the State Museum 
of Pennsylvania. His global census of Late Cretaceous and Early Tertiary 
species of reptiles reveals that many of the major dinosaur lineages experi- 
enced major declines in diversity before the latest stage of the Cretaceous. All 
of these lineages either became extinct or suffered a severe reduction in the 
number of species before the last phases of the Cretaceous.’ Proponents of a 
more abrupt extinction at the end of the Cretaceous, such as Dale Russell, 
argue that the latest Cretaceous dinosaur fauna from the Hell Creek Formation 
is not as thoroughly sampled as that from the older Judith River Formation.® 
However, after fairly intensive collecting in both areas for the last 100 years, 
this seems like a fairly weak argument. 

Another study has been conducted within the Hell Creek Formation itself to 
estimate whether the diversity of dinosaurs was declining before the terminal 
Creatceous events. Peter Sheehan along with David Fastovsky of the University 
of Rhode Island and their colleagues divided the 300-foot-thick (90 m.) forma- 
tion into three parts—the lowest 100 feet, the middle 100 feet, and the upper 
100 feet.” Then they recorded where they found fossils of different kinds of 
dinosaurs. They tracked fourteen different genera of dinosaurs that belonged to 
eight different families and concluded that there was no statistically significant 
change in diversity from the bottom to the top of the formation. 

Unfortunately, the Hell Creek Formation is widely noted for its ancient 
river channels that are capable of eroding and redepositing fossils from the 
original position in which they were preserved. A simple assignment of fos- 
sils to one of the three levels within the formation ignores this possibility of 
reworking. Other paleontologists, including Archibald, have argued that the 
statistical approach used by Sheehan and his colleagues is not truly able to 
measure whether the diversity of dinosaurs actually declined or remained 
constant. Consequently, the conclusion that dinosaur diversity did not de- 
cline until the last moments of the Cretaceous is still very controversial. 


HOW PRECISELY CAN WE REALLY 
TELL TIME AT THE K-T BOUNDARY? 


Regardless of whether one favors a more gradual, terrestrial scenario or a 
more catastrophic extraterrestrial scenario, the question of how well we can 
“tell time” at the end of the Age of Dinosaurs directly affects our ability to test 
these competing hypotheses. 


OUR HAZY VIEW OF TIME AT THE K-T BOUNDARY 


The extinction mechanisms associated with any single impact are 
thought to have operated over a period of less than 50 years and maybe as 
little as several months. To be generous, let’s double that and say 100 
years. Thus, in any marine or continental boundary sequence that we want 
to use as a test, our youngest fossils at the end of the Age of Dinosaurs 
and our oldest fossils at the beginning of the Age of Mammals would have 
had to live no more than 100 years apart and perhaps as little as several 
months apart in order to test the predictions of the scenario in a rigorous 
scientific sense.’ Also, those same samples would have to be separated by 
less than 100,000 years to test the more gradual, terrestrial hypotheses 
associated with volcanism and the retreat of shallow seaways or the net 
effects of multiple impacts. Can we tell time during this period of geolog- 
ic history that precisely? 

The only direct way to tell how many years old rocks and fossils are is with 
radioisotopic dates. As discussed earlier, these estimates are based on atom- 
ic processes of radioactive decay. Until recently, such age estimates were 
thought to be accurate to within + 5 percent of the true age. However, 5 per- 
cent of 65 million is a little over 3 million years. If several analyses were run 
on the same rock, the error factor might be reduced down to several hundred 
thousand years. New technology utilizing lasers has recently improved our 
precision to between +10,000 and 100,000 years, as shown by the dates asso- 
ciated with the boundary that were discussed previously. 

Another interesting approach is exemplified by the work of Steven 
D'Hondt and his colleagues in rock sequences spanning the K-T boundary in 
the South Atlantic.!° They claim to be able to identify precessional cycles in 
the Earth’s movement that are preserved in these layers of rock. The cycles 
are often called Milankovitch cycles, after Milutin Milankovitch, the Yugosla- 
vian astronomer who discovered the phenomenon. They are based on the 
fact that the Earth’s axis wobbles, similar to the axis through a giant top, 
due to the gravitational effects of the Sun, Moon, and planets. This wobbling 
affects the length and intensity of the seasons. It takes about 21,000 years 
for the wobbling of the Earth’s axis to complete one cycle. In the geologic 
record on the ocean floor, the cycles can be identified by sediment color, as 
well as carbonate content and magnetic susceptibility of the sediment. Dur- 
ing the interval of reversed geomagnetic polarity spanning the K-T bound- 
ary, D'Hondt and his colleagues recognize about sixteen cycles, each esti- 
mated to last about 21,000 years. If valid, such timescales could provide the 
ability to measure time in some K-T marine sequences in tens of thousands 
of years. 

Yet clearly, the error factors associated with radioisotopic dates and Milan- 
kovitch cycles currently prohibit us from rigorously testing the predictions 
made by impact hypotheses at the required catastrophic time scales of a few 
months to a century. Also, to test adequately, we would have to have rocks 
that we could radiosiotopically date at catastrophic levels of precision just 
below the youngest fossils from the Age of Dinosaurs and just above the old- 
est fossils from the Age of Mammals. No such marine sections exist, and only 
one terrestrial section is presently known. The error factors associated with 
the dates in that one terrestrial Canadian section (+ 400,000 years) are much 
too great for definitive testing, especially of catastrophic killing mechanisms 
lasting less than 50 years. 
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HOW COMPLETENESS OF THE GEOLOGIC RECORD 
AFFECTS OUR ABILITY TO DECIDE WHETHER 
THE EXTINCTIONS WERE GRADUAL OR CATASTROPHIC 


If we ignore the error factors associated with radioisotopic dates, we can ap- 
proach the question another way. Peter Sadler of the University of California 
at Riverside has developed a method to estimate how often sediment and 
fossils are preserved in sedimentary sections.!! 

Layers of rock only intermittently record the passage of geologic time. 
Gaps of various duration often exist between different layers of sediment that 
contain fossils. These gaps can result from the fact that sediment was not 
being deposited during the intervening period between layers. Gaps also 
form when sediment is eroded away by the actions of water or wind. Since few 
beds contain minerals that can be radioisotopically dated, there is no way to 
determine the duration and position of all the time gaps in a given sequence 
of layers spanning the K-T boundary. Yet, by compiling how fast sediment 
builds up in other sections deposited in similar environments (for example, 
modern sections being deposited on floodplains, deltas, lakes, near-shore 
continental shelves, and deep ocean floors), we can estimate how often sed- 
iment and fossils were preserved in sections where we cannot tell time with 
radioisotopic dates. One of us performed such a test as part of our graduate 
studies at UC Berkeley. !? 

For testing more gradual volcanic scenarios, we must estimate how many 
100,000-year intervals at the end of the Age of Dinosaurs and the beginning 
of the Age of Mammals are represented by sediment and fossils in sections 
spanning the K-T boundary. Again, this is because the killing mechanisms for 
these scenarios are thought to have operated over time intervals of about 
100,000 years. So, to test whether volcanic eruptions might be responsible 
for the extinctions, we would need to have had sediment preserved during 
each 100,000-year period during the K-T transition. By the same reasoning, to 
test the catastrophic effects of an impact, we would have to have sediment 
and fossils preserved during the last 100-year interval before the extinction 
event and during the first 100-year interval after the boundary. This is because 
most of the “killing mechanisms” associated with the impact are thought to 
have operated at timescales of less than 100 years. So, we need to convince 
ourselves that we are truly seeing the effects of these short term mechanisms. 

This concept is like watching an evolutionary movie of events during the 
K-T transition. The layers of rock represent frames of our film that record the 
events. In essence, we must have a picture or frame preserved in the rocks 
every 100 years or less to “see” what might have happened as the result of an 
impact. If frames were not taken this often or were edited out by erosion, 
important scenes and actions would be missing from our movie, making it 
impossible to tell whether things happened very quickly or more slowly. Sim- 
ilarly, we need a frame preserved every 100,000 years or less to see what 
might have resulted from the episode of volcanism. 

This might seem like a trivial point, but in fact, it is anything but trivial. To 
illustrate why, let’s briefly consider a depressing hypothetical analogy involv- 
ing human history. Imagine that you are an archaeologist in the forty-fifth 
century trying to interpret the relative number of deaths caused by World War 
II and longer term environmental pollution that occurred during the twen- 


tieth and twenty-first centuries. Most records detail- 
ing deaths during the twentieth and twenty-first cen- 
turies were forever destroyed during global wars at 
the end of the twenty-first century. However, some 
sketchy records remain of these events. It’s known 
that World War II happened during a five- to seven- 
year period in the middle of the twentieth century, 
and that environmental pollution caused numerous 
deaths during both centuries. In your research, you 
are trying to interpret whether a large cemetery— 
essentially a bone bed—that you’ve excavated in 
Europe represents the effects of war casualties that 
occurred during World War II or deaths that resulted 
from environmental pollution. If you could find a way 
to tell time on the scale of decades, you could at least 
decide whether the bones in the cemetery represent- 
ed individuals that died during the decade in which 
World War II was fought. However, if your ability to 
tell time was limited to establishing that these deaths 
occurred sometime during the twentieth or twenty- 
first centuries, you could not be sure whether the 
deaths were the result of casualties during World War 
Il or the result of that era’s environmental pollution. 
Now let's take that concept and apply it to extinc- 
tion events that happened 65 million years ago dur- 
ing the K-T transition.!? First, we'll look at the com- 
pleteness of the fossil record in deep marine sections 
containing the fossils used to document the extinc- 
tion of microscopic plankton. The latest estimates 
suggest that we can expect many 100,000-year inter- 
vals spanning the K-T transition to be complete in 
these sections. In other words, many of the 100,000- 
year intervals during the transition can be expected to 
be represented by sediment. For example, in the 
Spanish K-T boundary sequence at Caravaca, all the 
100,000-year intervals are thought to be represented. 
Thus, it is said to be “complete” at the 100,000-year 
timescale. This is very encouraging because this esti- 
mate is telling us that we can expect to find fossils 
and sediment deposited during the last 100,000-year 
period before the extinction event and from the first 
100,000-year period after the extinction. However, in 
the Italian sequence at Gubbio, where the iridium 
enrichment was first discovered, slightly more than 
half of the 100,000-year intervals are expected to be 
represented by fossils or sediment. So, we have about 
a 50 percent chance of not having fossils from the last 
100,000-year interval before the extinction event and 
a 50 percent chance of not having a fossil record from 
the first 100,000-year interval after the extinction 


OUR HAZY VIEW OF TIME AT THE K-T BOUNDARY | 97 


| 


0 2 4 6 8 


Geologic time 


ae | 


10 x 10° yrs 


100% complete at 5 x 10° yr 
level of precision 


100% complete at 1 x 10° yr 
level of precision 


AGE PGP Sos 
É p s 

2 

= ad ON 


Gap 2 


The graph illustrates how gaps not represented by sediment in a 
section of rocks can affects our ability to read the fossil record at 
short time scales. Basically, the record is revealed to be less and 
less complete as one tries to read the fossil record at increasingly 
finer timescales. 


A stratigraphic section of rock on the left (vertical axis) is 
graphed as a function of its history in geologic time (horizontal 
axis). The line on the graph represents a history of when layers of 
sediment were preserved and when they were not. For example, 
between 0 and about 100,000 years, as the line rises form the 
origin of the graph, about 25 meters of sediment was deposited in 
the section. However, between about 100,000 and 300,000 years, 
a period of erosion, (represented by the downward segment 

of the line) removed about 15 meters of sediment from the 
section, creating gap 1 in the section. In other words, there 

is no sediment preserved in the section representing the interval 
between 100,000 and 300,000 years. A period of rapid deposition 
followed between about 300,000 and 500,000 years, before 
another period of erosion between 500,000 and 700,000 years 
removed about 20 meters of sediment to create gap 2. Between 
about 800,000 and 900,000 years no sediment was either being 
deposited or eroded, as evidenced by the horizontal line segment. 
This period of nondeposition generated gap 3 in the section. 


Below the horizontal time axis, the time span represented by the 
section is divided first into two 500,000-year long intervals. Both 
of these intervals are represented by sediment preserved in the 


- section. Consequently, the section is complete at the 500,000 


year level of precision. Below, the time span represented by the 
section is civided into ten 100,000-year-long intervals. Only five 
of these ten intervals are represented by sediment preserved in 
the section. Thus the section is only five-tenths, or 50 percent, 
complete at the 100,000-year level of precision. 
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event. The picture is even worse at Stevns Klint in Denmark, where only one 
in four 100,000-year intervals is expected to be represented by sediment lay- 
ers spanning the K-T boundary. In other words, we have about a 25 percent 
chance of finding fossils of organisms that lived during the last 100,000-year 
interval of the Cretaceous and a 25 percent chance of finding fossils from the 
first 100,000-year interval of the Tertiary. 

In continental sections containing dinosaur and pollen fossils document- 
ing the extinctions, the story is similar. Estimates based on this method sug- 
gest that most complete sequence is found in the San Juan Basin of New 
Mexico, where all the 100,000-year intervals are expected to be represented 
by fossils and sediment. In the Bug Creek sequence of Montana slightly over 
half are probably represented, while in the Red Deer River Valley in Canada 
the estimate is slightly less than half. 

For testing questions concerning more catastrophic, impact-triggered kill- 
ing mechanisms that operated over a period of 100 years or less, the estimates 
are more pessimistic. This makes good intuitive sense when one considers 
that sediment is only occasionally deposited and preserved in rock layers. It 
is much more likely that some rocks will be deposited and preserved during a 
100,000-year period than during a 100-year period. Nonetheless, to rigorous- 
ly test predictions of catastrophic impact scenarios, we would need to have 
had sediment preserved during each 100-year period at the end of the Age of 
Dinosaurs and the beginning of the Age of Mammals. What are our chances? 

In the same marine sections we examined before, we can expect only three 
out of four 100-year intervals to be represented by sediment at Caravaca. So, 
we have a 75 percent chance of finding fossils that lived during the last cen- 
tury of the Cretaceous and the first century of the Tertiary. Only about one out 
of ten 100-year intervals can be expected to be represented at Stevns Klint and 
Gubbio. So our chances of actually documenting the effects of a catastrophic 
impact in these sections is quite low. In the continental sections where the 
last large dinosaurs lived, we can expect about one out of seventy 100-year 
intervals to be represented at the San Juan Basin, one out of two hundred 
at Bug Creek, and one out of three hundred at Red Deer River Valley. So, our 
chances of actually being able to test the predictions of the effects generated 
by a single impact are pretty discouraging—roughly | percent or less. 

This does not mean that an impact did not cause the extinctions, nor that 
volcanic activity associated with the retreat of seaways did not cause the 
extinctions. It means that given our limited ability to tell time at the end of 
the Age of Dinosaurs, we probably can’t distinguish between the effects of 
the two processes, at least for now. 

Critics, including Mark Anders of Columbia University and his colleagues, 
have noted that the statistical base for making these estimates of complete- 
ness in geological sequences spanning the K-T boundary was constructed 
in a way that tends to underestimate the completeness of deep sea rock 
sequences.!* Their recalculations suggested that Caravaca and Gubbio might 
preserve sediment during every 100-year interval during the K-T transition. 
Their work did not address the completeness of continental sections where 
dinosaurs lived, however, which are generally agreed to be much less com- 
plete. Anders and his colleagues concluded that this method “should not 
be used to assess completeness for individual sections.” This is because com- 
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paction of sediment, reworking by burrowing organisms, and uncertainties in 
radioisotopic ages make estimating short-term sedimentation rates and com- 
pleteness risky, if not unreliable. This conclusion corresponds closely with the 
warnings discussed in the original study.!? In the end, the conclusions of both 
these studies only reinforce the point that we can't really test the predictions 
of short-term, catastrophic scenarios in a truly definitive scientific sense. At 
this point, we can believe what we want to believe, but we can’t rigorously test 
catastrophic hypotheses about dinosaurian extinction to establish that the. 
extinctions occurred as fast as the impact hypothesis predicts. 


COULD A COMBINATION OF THE VOLCANIC/MARINE 
REGRESSION AND_IMPACT SCENARIOS BE POSSIBLE? 


Not surprisingly, some scientists are now beginning to argue for the pos- 
sibility that a combination of the volcanic/marine regression and impact 
scenarios caused the mass extinctions at the K-T boundary. For example, F 
L. Sutherland has suggested that the extinctions were caused by a combina- 
tion of environmental effects generated by the monumental K-T impact at 
Chicxulub and the hot-spot volcanism originating deep within the Earth's 
mantle that created the Deccan Traps and other K-T volcanic deposits. !® 

Since the early 1980s, even some of the staunchest proponents of the 
impact and volcanic secnarios have softened their stances a bit. In 1990 Wal- 
ter Alvarez and Frank Asaro,!” original members of the team that proposed 
the impact hypothesis, wrote: 


In the past few years the debate between supporters of each scenario has 
become polarized: impact proponents have tended to ignore the Deccan 
Traps as irrelevant, while volcano backers have tried to explain away evi- 
dence for the impact by suggesting that it is also compatible with volcan- 
ism. Our sense is that the argument is a Hegelian one, with an impact the- 
sis and a volcanic antithesis in search of a synthesis whose outlines are 
yet unclear. 


In 1997, Alvarez elaborated on this point. 


Impact as a geologic process ... must be recognized as a rare but signifi- 
cant kind of event, and evidently the cause of at least the K-T mass extinc- 
tion... can volcanism be dismissed from the list of catastophic events 
with global effects? Not yet,...1I would have dismissed the apparent age 
match between the Deccan Traps and the K-T impact-extinction event as a 
strange coincidence, if it were not that a second such coincidence has 
turned up... . Recently, Paul Renne . . . has obtained reliable dates on both 
the Siberian Traps and the Permian-Triassic boundary, .. . they are indis- 
tinguishable. A good detective shouldn't ignore even a single coincidence 
like the K-T-Deccan match in timing, and when it is bolstered by a second 
coincidence ..., it just has to be significant.... Right now... there is an 
intriguing mystery, some obviously significant clues, and nobody has any 
idea what the explanation will be.!8 
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On the other side, Vincent Courtillot now beleives that between one-third 
and one-half of Late Cretaceous extinctions resulted from the asteroid im- 
pact.!? David Archibald, based on the analysis described in the last chapter, 
concluded that the extinctions were probably a combination of causes relat- 
ed to marine regression and impact. He was less convinced that volcanism 
had much to do with it, however.2° Nonetheless, given that four of the twelve 
groups of vertebrates that he studied fit the expected pattern for extinctions 
resulting from sudden cooling and acid rain, it’s clear that volcanism could 
have played some role. 

Some scientists, including Mark Boslough of Sandia National Laboratory 
and John Hagstrum of the U.S. Geological Survey, have even gone so far as to 
propose that the impact served as the trigger for the plume volcanism that 
catalyzed the eruptions that formed the Deccan Traps.?! This scenario sug- 
gests that the impact at Chicxulub generated a force equivalent to the simul- 
taneous explosion of millions of hydrogen bombs, which, in turn, is calculat- 
ed to have generated an earthquake of an unprecedented magnitude—13 on 
the Richter scale. The shock waves from the impact would have traveled 
through the Earth, which would have acted like a lens to refocus the energy 
of the shock waves at the point on the Earth directly opposite the place of 
impact—the antipode. This focusing effect is somewhat like the way sound 
travels through a domed chamber such as those found in many state capitol 
buildings. As opposed to the smoke-filled, rectangular caucus chambers, a 
whisper on one side of a relatively quiet rotunda can often be clearly heard 
on the opposite side of the room because the sound waves reflect off the 
dome to be focused on the area directly opposite the point of origin. Based 
on one computer simulation of the impact, the shock waves focused at the 
antipode would have caused the ground to flex as much as 60 feet (18 m), 
opening a network of huge cracks in the Earth’s surface, heating the rocks in 
the upper 100 miles (about 150 km) of the crust and mantle, and catalyzing 
massive floods of basalt. To provide some scale for comparison, the earth- 
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quake that rocked San Francisco in 1906 is though to have generated shock 
waves that lifted the ground surface only about 3 feet (1 m) or so. 


Although not well documented on the Earth, evidence for antipodal vol- 


canism appears to exist on other rocky planets in our solar system, as noted 
by David Williams and Ronald Greeley of Arizona State University. The largest 
known impact crater visible on the surface of Mars, named Hellas Plenitia, is 
located at the antipode for the lava flows, christened Alba Patera. These flows 
extend across about 930 miles (1,500 km) of the planet's surface and were 
erupted from the largest known volcano in the solar system. It is estimated 
that the cracks opened by the shock waves generated by the impact that 
formed Hellas Plenitia may have been as much as 9 miles (15 km) deep. 

However, within the context of the Deccan Traps and the one well docu- 
mented K-T crater at Chicxulub, they did not appear to have been at oppo- 
site points on the Earth 65 million years ago. Thus proponents of antipodal 
volcanism must search for the impact source of the Deccan Traps volcanics 
in the eastern Pacific. Although John Hagstrum of the U.S. Geological Survey 
feels that there may be geologic evidence in that area for an impact, no clear 
evidence has yet been documented and published. At this point, therefore, 
the existence of impact-generated antipodal volcanism on Earth and its pos- 
sible connection to K-T events must be considered to be rather speculative. 

In addition, most, but not all, experts in flood basalt volcanism argue that 
the amount of energy required to have produced the half-million-year-long 
flows of magma that characterized the most copious eruptions of the Deccan 
Traps would have greatly exceeded that generated by the Chicxulub impact. 
Thus, the Deccan eruptions must have arisen from a more powerful source of 
energy deep within the Earth itself. Furthermore, the Deccan Trap volcanism 
began about 68 million years ago and continued to erupt material in several 
major pulses until about 65 million years ago. However, the impact at Chic- 
xulub did not occur until right at the end of the Deccan volcanism, not right 
at the start. So any antipodal relationship between the two most well docu- 
mented geological features associated with these two scenarios seems com- 
pletely unfounded. 


SO, WHERE DO WE STAND? 


The murder mystery at the end of the Cretaceous remains a fascination for sci- 
entists and public alike. Despite an abundance of clues, the case of whether 
the extinction of large dinosaurs was caused by volcanic eruptions and sea- 
way retreats or by impact is not yet closed. In essence, the jury composed of 
members of the scientific community is still out because a clear consensus 
has yet to emerge. Many researchers have concluded that an impact was 
responsible. Others maintain that the volcanic acitivity was the cause. Still 
others, as noted above, think that a combination of events was to blame. 

To us, it seems that the coincidence of the volcanic activity, the retreat of 
the seaways, and the impact would have put tremendous environmental 
stress on the Earth’s biota. The available geologic evidence suggests that 
each event was among the largest of its kind ever to be inflicted on the Earth. 
Disagreement about which was primarily responsible reflects the fact that 
none of these hypotheses unequivocally and exclusively explains all of the 
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available evidence in the rock and fossil records. In part, this appears to be 
because many of the proposed killing mechanisms ascribed to these events 
are the same. In addition, both the impact and volcanic scenarios appear to 
be consistent with the pattern of extinctions predicted by the law of super- 
position which is used to tell relative geologic time. In other words, one does 
not find unequivocal evidence of dinosaurs above the boundary clay or above 
the Deccan lava flows. Where radiosiotopic dates are available, the last dino- 
saurs appear to have died out either at or slightly before both the end of the 
volcanic activity and the impact. One important and unresolved problem is 
that we cannot tell time precisely enough in continental records spanning the 
K-T boundary to determine whether large dinosaurs perished over a period of 
a few decades or millennia, as predicted by the impact hypothesis, or over a 
longer period of hundreds of thousands of years, as predicted by the scenar- 
ios invoking volcanism and seaway retreat. 

An improved sense of timing would be most helpful in resolving these 
questions. As in many modern murder cases, the solution depends on figur- 
ing out not only what happened but also when it happened. Radiosotopic 
dates have now established the time of the impact as precisely as our current 
techniques will allow. As previously stated, the melted rock in the Chicxulub 
crater yields an age of 64.98 million + 50,000 years.?* The timing of the Dec- 
can eruptions remains a bit more vague. The initial stages of the volcanic 
acitivity associated with the plume began about 68.57 million + 80,000 years 
ago, and the last phases of activity near the K-T boundary ended about 
64.96 million + 110,000 years ago.?? But it is much less certain when most of 
the lava flows that form the Deccan traps occurred within that. interval. The 
most recent statement suggests that most of the Deccan Traps were em- 
placed in less than 1 million years, although the uncertainty in the absolute 
age, about 2 million years, remains larger than that often quoted in pub- 
lished work.*4 More precise resolution of when the main pulse of Deccan 
eruptions occurred could help us decide which animals and plants went 
extinct due to the impact and which went extinct due to the volcanic erup- 
tions and seaway retreat. 

In the marine realm, establishing that a catastrophic impact was respon- 
sible will require us to identify which marine organisms went extinct within 
100 years after the impact. That is not presently possible. However, if the 
method based on cycles in the precession of the Earth's axis can be used to 
establish that certain extinctions occurred within one cycle, we would know 
that the extinctions took place over less than 21,000 years. That would rep- 
resent a vast improvement over the precision of our best current estimates.?° 

In the continental realm, it will be important to find a rock layer contain- 
ing minerals that can be radiosiotopically dated just below the highest 
dinosaur fossils. That will help us constrain the period in which the extinc- 
tion of Late Cretaceous dinosaurs occurred. 

At this point, however, the situation within the scientific community is 
analogous to having a hung jury. So to us as authors, the cause for the extinc- 
tion of large dinosaurs at the end of the Cretaceous remains unresolved, but 
we have tried to lay out the evidence so that you have the opportunity to act 
as a juror in the case and decide for yourself. 

Regardless of what caused it, events surrounding those moments of evo- 
lutonary history during the K-T transition radically changed the course of life 
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on this planet. No longer did dinosaurs, as we commonly recognize them, 
play the dominant role on land that they had for over 165 million years. No 
longer did beasts like Tyrannosaurus and Triceratops roam the continents. 

Although a consensus verdict of the scientific community has not been 
rendered; we have progressed in terms of the historical debate between 
catastrophists and uniformitarianists or gradualists. As a result of the con- 
temporary extinction debates, the concept of uniformitarianism has now 
been expanded to encompass two kinds of natural geologic events that were 
originally deemed to be suspect. Large extraterrestrial impacts and massive 
eruptions of flood basalt are now clearly established as normal, if relatively 
rare, geological processes. As such, they have been incorporated into the 
methodological uniformitarian repertory of natural processes that can be 
considered in explaining Earth-based events, including extinctions. It’s the 
question of how these new processes in the uniformitarian repertory affect 
the extinction and evolution of life on Earth that is still at issue. In retro- 
spect, even the volcanic scenario based on plumes of magma rising from the 
mantle is rather catastrophic in terms of geologic time in relation to the uni- 
form, gradual, stately rate of evolutionary change originally envisioned by 
proponents of substantive uniformitarianism. 

It really should not be too surprising to us that a consensus has not devel- 
oped among scientists on what extinguished all the large dinosaurs at the 
end of the Cretaceous. We have similar problems in modern murder cases. 
Take the assassination of President John F Kennedy, for example. There was 
a lot of evidence to help us decide exactly how it happened, including pho- 
tos and even home movies taken at the moment of the shooting. However, 
controversy still abounds about many aspects of the case. Was there just one 
gunman or more? Was there a conspiracy involved? This assassination even 
happened within our lifetime in front of dozens of eye witnesses, yet we still 
can't all agree about the exact sequence of events and their causes. Extrapo- 
late these kinds of problems back 65 million years into the past and you get 
some sense of how difficult it is to be certain about what caused the extinc- 
tion of Tyrannosaurus—the king of the dinosaurs. 

To amplify this point, one need only look back to the extinctions at the end 
of the ice ages about 11,000 or 12,000 years ago. North America was then pop- 
ulated with a remarkable fauna of large mammals, including sabertooth cats, 
giant ground sloths, camels, mammoths and mastodons. But at the end of the 
ice ages, they all went extinct. Although the primary suspects in this prehis- 
toric case seem to be either climatic change or human predation, rather than 
volcanic activity and extraterrestrial impact, a similar debate between re- 
searchers over the cause characterizes that more recent mass extinction. 

Given the lack of consensus over what caused the extinction of large dino- 
saurs at the end of the Cretaceous, is there another way to solve the mystery 
of dinosaur extinction? In fact, there is. Recall that our charge in this book is 
to examine all the evidence in the rock and fossil records involving dinosaur 
extinction. This requires us to investigate another basic question. Ironically, 
despite several decades of debate concerning what caused the extinction of 
dinosaurs 65 million years ago, another line of evolutionary research has ren- 
dered the main point of that debate moot. It is true that neither Tyrannosaurus 
nor Triceratops roams our world anymore. Yet in a very important sense, the 
extinction debate has been focused on the wrong question. Until recently, 
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scientists participating in that debate have been asking, “What caused the 
extinction of all dinosaurs about 65 million years ago?” But amazingly, an 
equally appropriate question to ask is, “Did all the dinosaurs really go extinct 
65 million years ago?” That investigation, which revolves around the search 
for living descendants of the dinosaurs, is the focus of the second part of 
this book. 


_ in our own back yard? The notion seemed ridiculous. Or 
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Obviously Tyrannosaurus and Triceratops disappeared at the end of the Cretaceous, 
our new colleagues conceded. Nonetheless, one lineage that descended from 
the ancestral dinosaur survived the impact and eruptions at the Cretaceous- 
Tertiary (K-T) boundary. Today, that lineage is represented by over 9,000 species 
of birds. Furthermore, if birds are the living descendants of dinosaurs, how 
can we claim dinosaurs are extinct? 

What does it mean to say that birds are dinosaurs? Proponents of this the- 
ory argued that newly discovered fossils demonstrated that dinosaurs were the 
ancestors of birds. In addition, new methods for reconstructing evolutionary 
history and establishing evolutionary relationships were being developed. 
Applying these methods to the fossil record not only resurrected dinosaurs 
from extinction but, in effect, changed the course of the history of life. 

Others at Berkeley argued that the issue of living dinosaurs was trivial- 
ly semantic and of no scientific significance. Even if birds did evolve from 
dinosaurs, they are totally different from the extinct Mesozoic monsters. With the 
evolution of flight and warm-bloodedness, birds entered a new adaptive zone, 
hence their placement in a separate class of vertebrates—Aves. Any genealogi- 
cal connection must be dwarfed by the shift to a new adaptational way of life. 

If science were democratic the notion of living dinosaurs would have quickly 
gone extinct. The new methods for reconstructing evolutionary history that pro- 
duced this perspective were attacked by some of the world's most influential 
evolutionary biologists. They argued that the procedures were flawed and that 
they produced flawed results. Moreover, most scientists believed that recon- 
structing ancient genealogies was virtually impossible to do with any accuracy. 
They believed that scientists should stick to biological issues that could be 
directly observed in the modern world. As a result, most scientists adamantly 
maintained that dinosaurs were extinct. Dr. John Ostrom and Deinonychus. 


LIVING DINOSAURS? 


The 100 million-year-old Deinonychus, 
compared to modern Homo Sapiens for 
scale. Could this dinosaur be a connection 
between birds and dinosaurs? 


But scientific arguments are decided on the weight 
of the evidence rather than the weight of opinion or 
appeal to authority. With new fossil discoveries, the 
evidence for a connection between birds and 
dinosaurs grew steadily in the shadow of the more 
public brawl over extraterrestrial events and the 
extinctions at the K-T boundary. What is this evi- 
dence, and how do paleontologists view it today? 


JOHN OSTROM AND DEINONYCHUS 


The seeds of this debate were planted many years 

before we arrived at Berkeley by Yale University’s cele- 

brated paleontologist John Ostrom. His 1964 discovery of the birdlike 
dinosaur Deinonychus antirrhopus was already a famous story. By our arrival, the 
discovery’s significance had grown far beyond Ostrom’s expectations when he 
first gazed upon the bones in the ground southeast of Bridger, Montana. As he 
studied them over the next two decades, he became increasingly convinced 
that the bones might hold the key to solving one of the oldest and most vex- 
ing problems of evolutionary history—the origin of birds. 

Deinonychus was both one of Ostrom’s best discoveries and one of his best 
rediscoveries.' Actually, the first bones of Deinonychus were collected in 1931 
and 1932 by Barnum Brown, the legendary dinosaur hunter from the American 
Museum of Natural History. The bones came from a ranch on the Crow Indian 
Reservation, about 35 miles (56 km) northeast of Ostrom’s Yale locality. Dur- 
ing the 1931 season, Brown discovered a poorly preserved skull and several 
dozen additional fragments, including partial hands and feet. Brown knew 


Deionychus antirrhopus, leaping to 
attack. 
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A complete hand and foot of 
Deinonychus were recovered from the 
Yale Deinonychus quarry. Eventually, 
enough bones were recovered that 
the entire skeleton could be pieced 
back together. 


that small carnivorous dinosaurs are rare and that he had discovered some- 
thing new and important. Back in New York, he had illustrations prepared, 
developed plans to mount a skeleton for display, and even came up with a 
new name for his find—“Daptosaurus.” But Brown never finished the manu- 
script, so the name and illustrations were never published, and the bones 
never went on display. Thirty-two years after it was made, the first discovery 
of Deinonychus died with Barnum Brown. 

Shortly before Barnum Brown’s death in 1963, he spoke to John Ostrom, 
who was then a graduate student at Columbia University looking for a dis- 
sertation topic in the American Museum’s vast fossil collections. Ostrom met 
Brown to discuss potential topics, including the geology and paleontology of 
the beds that Brown had prospected thirty years earlier. While Ostrom did 
not choose this as a dissertation topic, shortly after completing his Ph.D. he 
picked up the lead again and led a party from Yale to Montana to rediscover 
Deinonychus. His crew found an entirely new site, the Yale Deinonychus Quarry. 
The fossils were hard, black, shiny, and beautifully preserved. The isolated 
bones of at least three individuals were discovered at this site.2 A complete 
hand and foot were collected, as well as bones of the skull, so that a whole 
skeleton could be pieced together. 

Ostrom’s rediscovery of Deinonychus proved to be more significant than 
Brown’s, because with a more complete skeleton, Ostrom was able to study 
Deinonychus in much more detail. It had teeth like steak-knives, whose point- 
ed tips curved backwards, with sharp, serrated edges for sawing flesh. It also 
had long, recurved claws on its hands and feet. Deinonychus was predaceous, 
like its cousin Tyrannosaurus rex. But it was much smaller, weighing in at 
roughly 100 lbs. The hands on its long, slender arms made a peculiar swivel 
motion at the wrist. It ran at fairly high speeds. Ostrom recognized Deinony- 
chus as “an animal so unusual in its adaptations that it will undoubtedly be 
a subject of great interest and debate for many years among students of 
organic evolution.”* He was right. Deinonychus focused the problem of avian 
ancestry squarely on dinosaurs, and in the 1970s this was a wrenching shift 
in perspective. 


ROBERT BROOM AND EUPARKERIA 


Before the rediscovery of Deinonychus, most paleontologists agreed that 
birds descended from primitive archosaurian reptiles, often referred to as 
thecodonts, which died out 100 million years. before Deinonychus walked 
across southern Montana. Dinosaurs were also traced back to the same 
ancestor, making birds sort of siblings of dinosaurs. Modern crocodylians, 
the extinct flying pterosaurs, and other extinct reptilian lines were also 
thought to have evolved from primitive archosaurs. From then on, however, 
each lineage split off onto its own separate evolutionary path. Accordingly, 
dinosaurs, crocodylians, and pterosaurs were classified together in a reptil- 
ian group named Archosauria, the “ruling reptiles.” Although the common 
ancestry of birds and archosaurs was acknowledged, birds were placed in a 
totally separate class—Aves—to signify that, by evolving feathers, flight, and 
warm-bloodedness, they had traveled across a far greater distance of evolu- 
tionary change than the others. 

But putting birds in a separate class obscured the answer to the principle 
evolutionary mystery: From which particular lineage of archosaurs did birds 
descend? This is a difficult problem because when the different lineages are 
compared with birds, special resemblances are evident with each. For example, 
birds and pterosaurs both have wings for flight, suggesting to some paleontol- 
ogists that birds are most closely related to pterosaurs. But a mosaic of resem- 
blances suggests other possibilities. The feet of birds look much like the feet of 
dinosaurs such as Deinonychus, having three principal toes that point forward. In 
fact, the nineteenth century naturalists who discovered the first dinosaur track- 
ways thought they were the tracks of giant birds. Some paleontologists, like 
John Ostrom, argue that foot structure provides evidence of close relationship 
between birds and dinosaurs. Still other features have been identified that 
seem to link birds to crocodylians, turtles, and mammals. 

The explanation offered for this confusing mosaic of similarities is that the 
special resemblances, like the wings and three-toed feet, evolved separately in 
the different lineages, a phenomenon known as convergent evolution. Accord- 
ing to this hypothesis, any special resemblances that birds share with any of 
the other archosaurian lineages are the results of convergence, and not evi- 
dence of close relationship.* This solved many of the problems that arose from 
conflicting combinations of similarity—they were all independently evolved. 


Prestosuchus chiniquensis is not a 
dinosaur. Instead, it is closely related 
to crocodylomorphs. In the proportions 
of its limbs and body, it reflects the 
condition from which birds, dinosaurs, 
and several other archosaur lineages 
evolved. 
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Ornithischian dinosaurs 


Logically, of course, only one archosaur lineage could contain the real ancestor 
of birds, just like only one person can be your genealogical father or mother, and 
we'll investigate the “paternity” of birds in upcoming chapters. 

This view of avian origins, called the “thecodont hypothesis,” sprouted 
over a century before the name Deinonychus was coined. It has been advo- 
cated ever since by a sizable constituency of paleontologists and is the view 
championed by most ornithologists. At the time, there were several compet- 
ing views about the relationships among birds and the various archosaurs. 
But the idea that birds, pterosaurs, and dinosaurs all diverged onto separate 
evolutionary pathways, grew in popularity toward the end of the nineteenth 
and through the first half of the twentieth century as more and more fossils 
came to light from different parts of the world. Around 1910, the discovery 
of Euparkeria capensis by Mr. Alfred Brown (no relation to Barnum Brown) of 
Aliwal North, a small town along the Orange River of South Africa, solidified 
the perspective that Deinonychus would later threaten.? 

Euparkeria is small, just under a meter from its snout to the tip of its tail. 
It is still among the oldest known archosaurs, dating back to the Early 


Saurischian dinosaurs 


According to the popular twentieth- 
century “thecodont hypothesis,” 
Euparkeria, or something very much 
like it, was the ancestor to all these 
lineages (skeletons not to scale). 


The skull of Euparkeria capensis. This 
specimen is housed in the South African 
Museum, Cape Town. 


Triassic, about 240 million years ago. Both its generalized structure and its 
antiquity implicate Euparkeria in archosaur ancestry. Its teeth are bladelike, 
serrated, and curved, leaving little doubt that Euparkeria was predaceous. 
Its limbs indicate that it usually walked around on all fours—an habitual 
quadruped. However, the forelimbs are slightly shorter than the hindlimbs, 
implying that it occasionally ran on its hindlimbs—a facultative biped. 
Facultative bipedal running is the fastest gait in modern reptiles of like 
proportions, and this was probably the case in Euparkeria. 

A dozen or so individuals were collected near Aliwal North, but the exact 
location of their burial site is unknown today. Many paleontologists have 
searched, but none has found more specimens. Our effective knowledge of 
this important early archosaur resides in Alfred Brown’s original collection, 
which today is distributed among museums in South Africa, Germany, Eng- 
land, and the United States.® 

Alfred Brown eventually showed the fossils to Robert Broom, South 
Africa’s preeminent paleontologist. Broom immediately recognized that 
Euparkeria was “. . . very near to the ancestor of the Dinosaurs, Pterodactyles 
[sic.], Birds and Crocodiles, [and] its extreme importance will at once be 
manifest.”’ So it was. Euparkeria, the primal archosaur, long reigned as the 
most important discovery of the twentieth century in terms of archosaur 
evolution and the origin of birds. In a highly influential book published in 
1927, entitled The Origin of Birds, Gerhard Heilmann further solidified the 
view.® Since that time, most students have learned that from an ancestor 
such as Euparkeria, over the vastness of Mesozoic time, birds, crocodilians, 
pterosaurs, and dinosaurs slowly, indepen- 
dently, and divergently evolved. 
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Euparkeria capensis 
was about the size 
of a house cat. 
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The great South African paleontologist 
Robert Broom, circa 1950, during a visit 
to the University of Texas at Austin. 


Euparkeria was an habitual quadruped, 
spending most of its life on all fours. 
With comparatively short forelimbs, 

it was also a facultative biped, able to 
run at its highest speeds on its longer 
hindlimbs alone. 
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FROM THE TREES DOWN 


Identifying Euparkeria as a possible ancestor to birds and other archosaurs 
presented one problem, however. The oldest known bird is 100 million years 
younger than Euparkeria, leaving a long, dark gap of pre-avian history. Pale- 
ontologists wondered what the intermediate “protobirds” might have looked 
like, how they functioned, and behaved. Without fossils, only speculation was 
possible. Most of the controversy in early avian history revolved around bird's 
revolutionary new form of locomotion—flight. How did birds evolve flight 
from ground-dwelling, four-legged ancestors? 

Most scientists, Broom included, believed that the ground-living ancestors 
first moved into the trees. These “protobirds” scrambled up tree trunks and 
along branches using all four limbs and jumping branch-to-branch much like 
today's squirrels. To reach the ground to feed, they scampered down the trunks 
or leapt from low branches. With evolutionary change, “protobirds” began to 
parachute and then glide down from greater heights. At first, gravity provided 
most of the power for airborne locomotion, which at this stage was limited to 
parachuting and gliding. Minor increases in the body's surface area and posi- 
tioning of that surface improved their gliding ability. To embryologists, feath- 
ers are merely modified scales, so the reptilian Euparkeria probably possessed 
the evolutionary forerunners of feathers. It only required a selective environ- 
ment that might lead to their elaboration into feathers, and the trees would 
seem to provide just that. Gliding eventually led to powered, flapping flight 
as “protobirds” learned to use their arms more effectively while in the air. 
Then, the gliders became extinct whereas true birds survived. In essence, flight 
evolved from the trees down.? i 


Modern birds 


Euparkeria 


According to the “bird-dinosaur 
hypothesis,” flight evolved from the 
ground up, as birds evolved from extinct 
dinosaurs resembling Deinonychus. 


Although this argument had been around several decades before the discov- 
ery of Euparkeria, no known fossil could reasonably be interpreted as ancestral 
to the various archosaurs and birds as well. With Alfred Brown's discovery near 
the Orange River, the last piece of evidence seemed to be in place. 


FROM THE GROUND UP 


The “trees down” hypothesis has been compelling to generations of scientists. 
Intuitively, it would seem that birds must have gone through an arboreal stage, 
and flight must have evolved from the trees down. Deinonychus came as a rude 
jolt. It is larger than any modern tree-dwelling bird. Moreover, its skeleton is 
built for running and taking down prey. Deinonychus has long, curved raptorial 
claws on its hands and feet, including a huge sickle-shaped claw on the end 
of its second toe for rending flesh, not climbing. Ostrom described the ety- 
mology of the name he had coined: Deinos (Greek), “terrible,” and onyx (Greek, 
masculine), “claw or talon.”!° This name does not smack of squirrels scamper- 
ing through the trees after nuts. If birds are most closely related to dinosaurs 
like Deinonychus, flight must have evolved from the ground up. 

According to the “ground up” hypothesis, the predatory dinosaurs ancestral 
to birds were fast-running animals that moved on their hindlimbs alone— 
obligate bipeds—like modern birds. These early dinosaurs also had very pow- 
erful forelimbs, like birds do today. The running speed they achieved chasing 
prey eventually came into play helping them reach speeds necessary to lift off 
the ground. Throwing their hands forward to rake or grasp for their prey, the 
ground-dwelling dinosaurs performed an action that was the precursor of the 
flight stroke. The elaboration of scales into feathers—even small feathers— 
may convey greater maneuverability in chasing prey over broken ground. Even 
a small increase in the surface area of the forelimb might provide some lift, 
and greater degrees of lift could be generated as the powerful limbs swiveled 
rapidly forward through the air. The act of catching fleeting prey eventually led 
to the evolution of powered, flapping flight, as the hands and arms of bipedal 
dinosaurs became elongated and as flight feathers evolved. 

For most people, it was hard to imagine how flight could have evolved 
through intermediate stages from the ground up, where at some point, the 
forelimbs must have been transitional between the arms of predatory 
dinosaurs and the wings of a fully flying bird. The thought of a partly volant 
bird was like the thought of being partly pregnant. Nevertheless, Ostrom 
argued that the discovery of Deinonychus provided evidence that flight evolved 
from the ground up.!! 


ARCHAEOPTERYX: THE OLDEST KNOWN BIRD 


Before even attempting to explain how flight might have evolved from a 
dinosaur, John Ostrom first had to test whether a close evolutionary rela- 
tionship really existed between Deinonychus and birds. If not, then there was 
no point in-trying to explain how flight evolved from the ground up. The 
logical place to start was by comparing Deinonychus to the oldest known 
bird, Archaeopteryx lithographica. In the process, Owen made several more sig- 
nificant rediscoveries. 
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Under the thedocont hypothesis, the 
ancestors birds are thought to have first 
moved into the trees and then learned to 
fly from the trees down. 
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To museum curators the name Archaeopteryx rings like that of Rembrandt, 
Stradivarius, or Michelangelo. Archaeopteryx is known from the world’s most 
celebrated, controversial, valuable, and rare fossils. The importance of 
Archaeopteryx rests upon its antiquity of 150 million years, the transitional 
nature of its skeleton, and the timing of its discovery, which occurred only 
two years after Darwin’s On the Origin of Species was published. The peerless 
preservation of the specimens, one a single, perfect feather, has further 
enhanced their importance and mystique. 

In addition to the exquisite but rather uninformative feather, only seven 
specimens of Archaeopteryx are known. Each preserves some or all of the skele- 
ton, along with feather impressions that are more or less obvious. Each is 
named according to its proprietor or place of discovery. The first skeleton to 
be discovered is now in England, the London Archaeopteryx, arriving in 1862 to 
become the center of historic debates about evolution that erupted into sci- 
entific and public forums with the publication of On the Origin of Species.'* Con- 
sequently, it is considered a “crown jewel.” Four specimens are in Germany 
and one is in the Netherlands, where they are similarly acclaimed. The sev- 
enth specimen has vanished. 


SOLNHOFEN 


All known specimens of Archaeopteryx were collected from stone quarries in the 
Solnhofen limestone, located in Bavaria’s Franconian Alb region of southern 
Germany. The limestone outcroppings were exposed by erosion of the Altmühl 
River. The quarried stones were famous for their marblelike beauty centuries 
before their fossils were appreciated by the scientific community. Romans first 
used them for buildings and road paving. Since then, they have been widely val- 
ued as ornamental building materials, and they adorn centuries-old palaces 
and modern state buildings throughout Europe and the world. 

The unusual setting in which these rocks formed is responsible for both 
their fine building attributes and their exquisite, rare fossils.!? During the 
Late Jurassic, Bavaria was covered by a shallow sea. Across the arid Altmiihl 
region was a tropical or subtropical lagoon. The lagoon’s floor was com- 
posed of a chain of basins divided by reefs and shell mounds that restricted 
water circulation. The bottom water was probably stagnant, very salty and 
devoid of oxygen, except when flushed out by occasional storm surges. A 
steady rain of microscopic shells produced by plankton living in the surface 
waters filtered down onto the quiet basin floors, burying whatever else had 
drifted in. That limy ooze later turned to rock, petrifying the carcasses of 
Archaeopteryx, pterosaurs, crabs, insects, shrimp, crinoids, and a diversity of 
fishes. Because the bottom waters lacked oxygen, the usual diversity of scav- 
enging and bottom-feeding creatures was absent. Cadavers deposited on 
the floor of the lagoon remained undisturbed, producing some of the world’s 
most spectacular fossils with intricate impressions of skin, feathers, and 
other soft tissues. 

An emerging local technology in the eighteenth century catalyzed the 
discovery of the first Archaeopteryx specimens. In the town of Solnhofen, for 
which the limestone beds were named, Alois Senefelder invented the process 
known as lithography, using slabs of rock taken from nearby quarries in 


the Solnhofen limestone. !* Lithography enabled the first mass publication of 
illustrations. For many decades it was the principal method for reproducing 
imagery, fostering a thriving business in the Altmühl district. In the lithog- 
raphy process, an image is rendered onto a flat surface and treated so that 
it will retain ink, while the nonimage areas are treated in a fashion that 
repels ink. Once inked, detailed images can be printed by pressing or 
rolling paper onto the stone. Any flaw, such as a fossilized shell or bone, 
mars the printing surface, rendering the stone unsuitable for lithography. 
The Solnhofen stone quarries produce some of the world’s finest litho- 
graphic stones and command high prices even today, although lithography 
may be a dying art. 

Discovery of the first Archaeopteryx specimens occurred near the peak of 
demand for lithography stones. Looking for stones with perfect surfaces, 
each slab of limestone was chiseled from the quarry by hand and checked 
for blemishes. The stones were then set aside for lithography or trimmed 
into shingles, floor tiles, and so on. For two centuries, workers have also 
set aside slabs with fossils, owing to their growing commercial value. As 
quarrymen inspected untold thousands of Solnhofen slabs, eight speci- 
mens of Archaeopteryx have been found. 


THE EIGHT SPECIMENS 


The first Archaeopteryx specimen recognized to be a bird was the perfectly 
preserved impression of a single feather found in 1860. Early the next year, 
Dr. Hermann von Meyer, a preeminent paleontologist from the Senckenberg 
Natural History Museum, published a short report announcing the 
unprecedented discovery of a Mesozoic bird. He quickly followed with 
another publication that included an illustration—a lithograph—showing 
the unmistakable resemblance of this ancient fossil to the flight feathers of 
modern birds. His announcements raised a rumble of controversy. The 
authenticity and age of the fossil were immediately questioned. But a few 
months later the discovery of the first skeleton temporarily put to rest the 
question of authenticity. Most of the skeleton was preserved, along with 
impressions of feathers radiating fanwise from each of the forelimbs and 
along each side of a long bony tail. In that same year in which he had 


Hermann von Meyer’s lithograph of the 
single feather of Archaeopteryx. 
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The London specimen of Archaeopteryx 
is housed in the British Museum 
(Natural History). A photograph (at left) 
of the main slab is shown accompanied 

announced the feather, von Meyer published a two-page announcement of by a drawing of the specimen as it was 

the first skeleton of a Mesozoic bird. For this specimen, he coined the name preserved. 

Archaeopteryx lithographica, the root archaios meaning “ancient” and _pteryx 

meaning “wing.” The species name, lithographica, refers to the lithographic 

limestone in which it was buried and the state of its preservation. By the 

end of the year, von Meyer's short announcements had grabbed the atten- 

tion of the scientific community. !? 

The hype surrounding this skeleton was promoted by its first owner, Dr. 

Karl Haberlein, a medical officer for the district of Pappenheim. Haberlein 

was a collector who accepted the fossil in payment for his medical services. 

He appreciated the potential value of such an ancient and well-preserved 

bird. He let several people inspect it, but no one could make drawings or 

take photographs. One visitor did make a drawing from memory shortly 

after viewing the specimen, fueling speculation about the specimen’s 

importance and raising its value. Haberlein offered the specimen for sale 

at, probably, the highest price yet asked for a fossil, some £750.!© A scram- 

ble for the fossil bird ensued. The German court tried to secure it for the 

State Collection in Munich, but the British Museum succeeded in negotiat- 

ing Haberlein’s unprecedented final price of £700. The Museum's payment 

for this and other fossils in Haberlein’s collection had to be spread across 

two fiscal years. The slab and counter slab became known as the London 

Archaeopteryx. 
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The Berlin specimen of Archaeopteryx is now housed in 
the Humboldt University Museum of Natural History. A 
photograph of the main slab (at left) is shown accompanied 
by a drawing of the specimen as it was preserved. 


A century later, the London Archaeopteryx is still regarded as the world’s most 
valuable fossil. Although Britain’s Natural History Museum usually displays real 
specimens, only a cast of Archaeopteryx is exhibited for safety, and the museum 
avoids publicly divulging exactly where the original is stored in the museum.!7 

A third, even more extraordinary Archaeopteryx specimen was discovered 
in the fall of 1876.18 This skeleton is virtually complete and posed in a nat- 
ural death posture, with feather impressions spreading out from the fore- 
limbs and tail. It came from a quarry near Eichstätt about 9 miles (15 km) 
from where the London specimen was found and was acquired by Dr. Ernst 
Haberlein, the son of Karl. Ernst sold the specimen in 1881, this time to 
The Museum for Natural History of Humboldt University in Berlin, for 
£1000.!9 The Berlin Archaeopteryx is the most complete and exquisitely posi- 
tioned of all the specimens found to date. Unlike the London specimen, 
the Berlin skull remains attached to the neck. It has teeth in the jaws 
instead of a beak. Parts of the head and teeth were later recognized on the 
London specimen, but the Berlin Archaeopteryx is still the most complete. 

Eight decades passed before the fourth Archaeopteryx specimen was 
recovered in 1956, from a quarry near the discovery site for the London 
specimen. It was quickly identified and described as a new specimen of 
Archaeopteryx in 1959 by Florian Heller, a paleontologist from Erlangen 
University. It was privately owned by Mr. Eduard Opitsch and exhibited 
for two decades at the Maxberg Museum near Solnhofen. For a time, the 


120 | DEAD ORALIVE? 


Maxberg Archaeopteryx was accessible to researchers, including John 
Ostrom. 

When Ostrom began his comparison of Deinonychus and Archaeopteryx, 
only the London, Berlin, and Maxberg skeletons, along with the single 
feather, were known. While touring European museums to study them, 
Ostrom looked at other fossils collected from the Solnhofen limestone. 
Naturally, he was also interested in pterosaurs, another group of extinct 
flying vertebrates. This interest led him to the Teylers Museum in Haarlem, 
the Netherlands, to examine a specimen that had been collected in 1855 
and described in 1857 as a new species of pterosaur.2! The author was 
none other than Hermann von Meyer, who would four years later coin the 
name Archaeopteryx lithographica. Pterosaurs were well known from the 
Solnhofen limestone by the mid-nineteenth century. Perhaps because it 
was incomplete, the true identity of this specimen went unrecognized until 
1970, when Ostrom peered into its storage cabinet.** Ostrom realized that 
von Meyer had actually described the first three specimens of Archaeopteryx. 

The sixth and seventh specimens also sat unrecognized for many years after 
they were first discovered. The sixth is a complete, articulated skeleton that was 
misidentified as the contemporary dinosaur Compsognathus, which is about the 
same size as Archaeopteryx. It was collected in 1951 but not recognized to be 
Archaeopteryx until 1970. Franz Mayr of the University of Eichstätt illuminated the 
specimen with oblique lighting and was the first to see faint feather impressions 
along the tail and arms.”? The Eichstätt Archaeopteryx is exquisite and has the best 
skull of the lot. The seventh specimen was also misidentified as Compsognathus 
for many years after it was collected. Its amateur collector failed to keep record 
of exactly where near Eichstätt he found it. In 1987 the curator of the Jura Muse- 
um, Gunter Viohl, recognized this seventh Archaeopteryx in the private collection 
of Freidrich Müller, a former mayor of Solnhofen. It now belongs to the village 
and is on display in the Burgermeister Miiller Museum. The Solnhofen 
Archaeopteryx is quite complete, and its bones remain in their natural posi- 
tions, although some critical parts of the skull were lost during excava- 
tion or preparation. 

The most recent and eighth discovery of an Archaeopteryx 
specimen was made in 1992 from near the sites of the 
London and Maxberg specimens.?4 


The skeleton of the 140 million-year-old bird, 
Archaeopteryx lithographica, compared to 
the arm and leg of modern Homo sapiens 
for scale. 


It is larger than the other skeletons and preserves a number of important 
anatomical details not previously seen. As long as the Solnhofen quarries 
are worked with current techniques, a new specimen of Archaeopteryx will 
probably be unearthed every decade or so. 


THEFT? 


Tragically, in 1982, Eduard Opitsch, owner of the Maxberg Archaeopteryx, re- 
moved it from display and took it to his home. Until his death in 1991, he 
refused scientists access to the specimen. Opitsch even ignored a request to 
borrow the specimen briefly for the 1984 International Archaeopteryx Confer- 
ence in nearby Eichstatt organized by Dr. Peter Wellnhofer, a preeminent 
authority on Archaeopteryx and director of the nearby Bayerische Staatssamm- 
lung fur Paläontologie in Munich. Wellnhofer wanted to gather together all of 
the Archaeopteryx specimens and all of the Archaeopteryx experts in one place. 
Sadly this unprecedented and distinguished conference went off without the 
Maxberg specimen. Opitsch died a bachelor at the age of 91. Immediately 
after his death, his nephew and only heir tried to locate the specimen, but 
failed. There is no evidence that Opitsch sold the specimen. German author- 
ities handling the case believe that someone carried off the Maxberg 
Archaeopteryx in the commotion of activity that had attended Eduard Opitsch’s 
death. Wellnhofer has notified the scientific community of the disappear- 
ance, but its whereabouts remain unknown.?? 


FRAUD? 


An unexpected challenge to Archaeopteryx came from a famous physicist 
in 1986. Sir Fred Hoyle and Chandra Wickramasinghe, otherwise respected 
for their works on astronomy and mathematics, published a book entitled 
Archaeopteryx, the Primordial Bird: A Case of Fossil Forgery.” Their writings 
and public presentations attracted considerable interest. With one author 
knighted, considerable clout accompanied their challenge. 

Hoyle and Wickramasinghe claimed that the London specimen was an 
authentic Compsognathus, but that the feather impressions were faked to perpe- 
trate a hoax, in support of Darwin's false theory of evolution. They claimed that 
Archaeopteryx was like the famous Piltdown Man hoax in which altered modern 
ape bones were planted together with some authentic fossils, fooling paleon- 
tologists for about 50 years. Hoyle and Wickramasinghe asserted that the sci- 
entific world has been fooled by Archaeopteryx for even longer. 

These authors alleged that limestone, gouged from around the bones of a 
genuine Compsognathus skeleton, was later poured back into the gouges as a 
limestone cement and, while still wet, modern feathers were pressed into it. 
Voila, a dinosaur with feathers. The forger was the original owner, Dr. Karl Haber- 
lein, who sought to augment the specimen’s value. Richard Owen, who orches- 
trated the specimen’s purchase from Haberlein, knew of the forgery and in fact 
had probably commissioned it himself. Owen may even have arranged the 
untimely death of Andreas Wagner who published a notice shortly before his 
death questioning the authenticity of the specimen. Owen, a life-long opponent 
of evolution, planed to reveal the fraud and discredit the evolutionists. 
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Inexplicably, the trap was never sprung. Nevertheless, Hoyle and Wick- 
ramasinghe allege that subsequent generations of British paleontologists 
have conspired to maintain the hoax, in a desperate attempt to prop up 
Darwin's flawed theory of evolution. These authors’ preferred evolutionary 
theory is that viral invasions from outer space periodically introduce new 
genes into the chromosomes of living organisms. Thus, evolution pro- 
ceeds in sudden bursts, and transitional forms, like Archaeopteryx, must be 
bogus. 

The late Alan Charig, curator of the British Natural History Museum and 
custodian of the London Archaeopteryx, must have relished his chance to 
respond.?’ Working with a crew of technicians, he detailed the many prop- 
erties of the specimen that would have had to have been faked. Indeed, the 
specimen preserves so much detail that the accomplishment of producing 
a convincing fake would be far more remarkable than the conspiracy itself. 
Most important would be to match hairline fractures that crosscut both 
slabs and which were, therefore, made before the slab and counterslab 
were split. In addition, the impressions of bones and feathers match exact- 
ly on the slab and counterslab, so they could only have been made before 
the split. There is no evidence of a secondary infilling of cement. Charig 
summarized the charges as “based on a plethora of faulty observations, 
incorrect data, wrong interpretations, untrue statements and misleading 
arguments; which, in turn, are due to sheer carelessness, lack of knowl- 
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In virtually all tetrapods, the forelimb 
contains a consistent pattern of bones that 
extend from the shoulder to the fingers. 


edge of the relevant subjects, false logic and a fertile imagination.”28 The 
charge that Archaeopteryx is a fraud is as believable as the “constipation 
cause” for extinction. The authenticity of the eight Archaeopteryx specimens 
is one of the very few points that everyone on both sides of the bird- 
dinosaur debate can agree upon. 


DEINONYCHUS AND ARCHAEOPTERYX COMPARED 


During his European trip, Ostrom noted that the limbs of Deinonychus and 
Archaeopteryx exhibited many unique resemblances.?? Animals with four limbs 
are called tetrapods (tetra, “four”, pod, “feet”); these include birds, dinosaurs, 
humans, lizards, crocodilians, turtles, and many others. As we will see, evolu- 
tion has produced many variations on a central pattern of bones that under- 
lies the skin in all tetrapod limbs. 

The tetrapod forelimb contains a string of bones that extend from the 
shoulder to the fingers. Between the shoulder and the elbow is a single bone, 
the humerus. Between the elbow and the wrist are two bones, the radius, 
which lie on the inside or thumb side of the forearm, and the ulna, which lies 
on the outside or “pinkie” side. The arrangement is the same in all tetrapods, 
except some, like snakes, who lose their forelimbs altogether. The bones of 
the wrist called carpals, however, vary in number and shape. There were orig- 
inally probably eight, but they have been variously lost, fused, and otherwise 
transformed in different tetrapod lineages. Next, the bones forming the palm 
of the hand are referred to as metacarpals, and there are usually five of 
them—one for each finger. The fingers are made from numerous phalanges 
(phalanx is the singular). 

Ostrom noted that both Archaeopteryx and Deinonychus have an unusual 
three-fingered hand, in which the thumb, digit I, is the shortest and the 
index finger, digit II, is the longest. Like humans, most other reptiles have 
five fingers. In Deinonychus, there is also an unusual half-moon-shaped 
bone in the wrist—the semilunate carpal. This bone’s shape helps to direct 
the peculiar swivel path the hand of a living bird takes during the flight 
stroke, and it is present in Archaeopteryx. Might this swivel-wrist be evidence 
for a close evolutionary relationship? 

There are also unique resemblances between them in the hindlimb. The 
hindlimb is built much like the forelimb in tetrapods. The femur or thigh 
bone extends between the hip socket and the knee. Between the knee and 
ankle, the tibia or shin bone runs along the inside, whereas a more slen- 
der bone, the fibula, lies on the outside. In birds, the fibula tapers to a 
point a short distance below the knee and fails to reach the ankle, a very 
distinctive configuration. The ankle bones, or tarsals, like the bones of the 
wrist, are numerous and complex. The foot is made up of the metatarsals, 
which extend between the tarsals and each toe, and there is a variable 
number of phalanges in each toe. 

In both Archaeopteryx and Deinonychus the outer toe, digit V, has been lost, and 
the inner toe or first digit, the hallux, is shortened. The principal toes, digits II, 
Ill, and IV, are arranged symmetrically about digit III, which is the longest. 
Ostrom argued that these resemblances are unique, and that they point to a 
close evolutionary relationship between birds and dinosaurs. 
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STILL NO CONSENSUS 


Still, there were problems that Ostrom’s bold hypothesis did not explain. 
Deinonychus, the birdlike dinosaur thought to resemble the ancestor of birds, 
lived tens of millions of years later than Archaeopteryx. So, Deinonychus could not 
be ancestral to birds, and no other dinosaur was thought to share all the 
unique features pointing to a resemblance with birds. In addition, critics point- 
ed to unique resemblances between birds and other reptiles. For instance, 
both birds and pterosaurs have tubular skeletons made up of thin-walled, hol- 
low bones, and the braincase of Archaeopteryx resembles crocodilians. And what 
about the origin of flight—how could it have evolved from the ground up? 

By the time our first semester at Berkeley ended, there was still no clear 
resolution to the argument about “trees down” vs. “ground up” origin of 
birds. Who were the ancestors of birds? Were they dinosaurs or undiscov- 
ered tree-dwelling reptiles? Nonetheless, something else was becoming 
clear. The debate that Ostrom carried to our generation was not new. Virtu- 
ally the same battle had been fought a century and a half ago in Victorian 
England, between Darwin and the critics of his theory of evolution. Like the 
rebirth of catastrophism that occurred with the discovery of iridium in the 
K-T boundary clay, we watched as a nineteenth-century drama replayed in 
Berkeley’s Paleontology Department. Ostrom’s proposed connection between 
birds and Mesozoic dinosaurs was yet another rediscovery. As we will see, this 
storm of controversy, like the first one, violently tore at some large branches 
on the tree of Life. 
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of huge extinct animals, unlike anything alive today. 
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Dinosaur bones were discovered long before Owen first spoke their name, 
but no one understood what they represented. The first scientific report on 
a dinosaur bone was printed in 1677 by Reverend Robert Plott in his work, 
The Natural History of Oxfordshire. The broken end of a thigh bone had come 
to Plott’s attention during his research. It was nearly 23 inches (60 cm) in 
circumference—greater than the same bone in an elephant. We now sus- 
pect that it belonged to Megalosaurus bucklandii, a carnivorous dinosaur now 
known from Oxfordshire. But Plott concluded that it “must have been a 
real Bone, now petrified” and that it resembled “exactly the figure of the 
lowermost part of the Thigh-Bone of a Man, or at least of some other Ani- 
mal . . .”? Plott did not believe it belonged to a horse, an ox, or even an ele- 
phant, but rather to a giant man, evidently relying on biblical accounts of 
“giants in the earth.” 

In 1763, Robert Brooke published an even more amazing interpretation 
of the same specimen. In his Natural History of Waters, Earths, Stones, Fossils 
and Minerals, With their Virtues, Properties and Medicinal Uses: To which is added, The 
method in which LINNAEUS has treated these subjects, Brooke labeled Plott’s 
original illustration Scrotum humanum.? This ribald name might have 
been forgotten were it not for Carolus Linnaeus. The great Swedish 
botanist established a system of taxonomic classification and nomencla- 
ture that was already in widespread use in 1763. The Linnaean system uses 
a binomial or two-name system to describe species, for example, our 
name Homo sapiens. 

To correct previous errors and to accommodate reinterpretations, taxo- 
nomic names are constantly changing and evolving. Linnaeus set out 
rules governing the coining and use of taxonomic names, and a com- K> 
mission of scientists now oversees amendments to the Linnaean rules. . 
The rule of priority states that when one species (or specimen) has + 
been given different names (usually by different naturalists), the valid i 4 
name will be the first given. Brooke's ignominious name for Plott's p + 
specimen used a proper Linnaean binomial, the first such name 
ever applied to a dinosaur bone and, under the Linnaean rules, 
the proper name for what we now call Megalosaurus. 
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Richard Owen as (leff) a young man at 
about the time he named Dinosauria, 
(middle) in middle age, near the time 
he described Archaeopteryx, and (right) 
in old age. Today, Owen is recognized 
as one of the greatest naturalists of 

all time. 
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(At left) Robert Plott’s 
original figure (1677) 
of what was probably 
the first dinosaur bone 
known to science. 
(Above) Richard 
Brooke's figure (1763) 
of the same bone, now 
christened with the first 
proper Linnaean name 
for a dinosaur. 
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It is perhaps fortunate, then, that Plott’s specimen has been lost, so it 
is impossible to confirm that it belongs to what we call Megalosaurus. Citing 
technicalities of the rules, two paleontologists* formally recommended 
abandoning Brooke’s terminology. The Linnaean Commission agreed, lay- 
ing to rest this false start to the scientific study of dinosaurs. 

The early nineteenth century saw the beginnings of our modern under- 
standing of dinosaurs. Numerous discoveries of dinosaur bones were 
made in Britain, and they provoked more insightful interpretations. In 
1824, British naturalist William Buckland described a broken jaw with a 
single, recurved, serrated tooth of Megalosaurus, also from Oxfordshire. 
Buckland’s interpretation is evident from his title “Notice on the Mega- 
losaurus or great Fossil Lizard of Stonesfield.”® Apart from size, Buckland 
found nothing remarkable about Megalosaurus. The next year Gideon Man- 
tell, a British physician and naturalist, described Iguanodon°—now recog- 
nized as a giant herbivorous dinosaur. Mantell thought that “Iguana tooth’, 
as its name translates, was a giant lizard resembling today’s green Iguana. 
In 1833, Mantell described a second dinosaur, Hylaeosaurus armatus, an 
armored herbivore, which he thought to be another extinct lizard. Early 
nineteenth-century collections made by the British Geological Survey con- 
tain additional dinosaur specimens that went unrecognized until seen 
through Owen’s eyes. Buckland and Mantell came a lot closer than Plott, 
but as Owen showed, they still missed the mark.’ 


NOT GIANT LIZARDS? 


When he first recognized dinosaurs, Owen observed that Megalosaurus, 
Iguanodon, and Hylaeosaurus shared distinctive anatomical features, so they 
could be grouped together using the Linnaean system. In addition to their 
huge size were several characters involving the hip. The thigh bone of 


Megalosaurus, as restored by 
Richard Owen in 1854. 


The head of the femur is 
in-turned to fit 
into the 

hip socket 


The knees are 
held close in 
to the body, 
providing a 
narrow gait 
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dinosaurs has a head that bends at an angle of about 90 degrees, permit- Trackway 
ting it to fit into the hip socket or acetabulum. Consequently, the femur is left 
held vertically alongside the body, and the hip socket has a hole where, in i 

other reptiles, it is solid. Also, the entire pelvis, which attaches to the IA 


backbone at the sacrum, is elongated and reinforced to withstand great 
forces. So the knees of dinosaurs are turned forward and held against the 


body, and the head of the thigh bone presses upward against the top of the right 
hip socket. Dinosaurs had a narrow gait, their feet striking the ground beneath 
the body instead of sprawling out to the side as in lizards. Mesozoic trackways M 


confirm this. 

Owen pointed out that dinosaurs more closely approach the limb struc- 
ture found in mammals and birds than in other reptiles. This was a striking 
observation because mammals were then viewed as representing a higher 
level of creation than reptiles, and yet here were reptiles that approached BR 
that high plane. Moreover, these long-extinct reptiles appeared far more i 
advanced than any living reptiles. Weighing this evidence, Owen wrote, “The 
combination of such characters, some, as the sacral ones, altogether pecu- 
liar among reptiles, others borrowed, as it were, from groups now distinct 
from each other, and all manifested by creatures far surpassing in size the I IV 
largest of existing reptiles, will, it is presumed, be deemed sufficient ground MR i 
for establishing a distinct tribe or sub-order of Saurian Reptiles, for which I 
would propose the name of Dinosauria.”® 

Major parts of the dinosaur skeleton remained unknown to Owen in 1841. 
Consequently, his reconstructions of the entire animals were based on some 
guesswork that later proved false. Owen knew nothing of the dinosaur hand 
and at first reconstructed them walking on all fours like giant bears. Nearly BR 
two decades later more complete skeletons were discovered, indicating that 
Iguanodon, Megalosaurus, and many other dinosaurs habitually walked on their 
hindlimbs alone. But despite incomplete evidence, Owen drew remarkable . 
insights about dinosaurs right from the start. On the last page of his 1842 Re 


left foot - 


left footprint 


manuscript, he wrote, “The Dinosaurs, having the same thoracic structure as 
the Crocodiles, may be concluded to have possessed a four-chambered 
heart; and, from their superior adaptation to terrestrial life, to have enjoyed 


the function of such a highly-organized centre of circulation in a degree more The feet of early dinosaurs left narrow 
nearly approaching that which now characterizes the warm-blooded Verte- three-toed trackways, indicating 
brata.”? To Owen, these skeletons were not merely giant lizards. They bore that their limbs were held close to 
distinctive anatomical resemblances to modern warm-blooded mammals their sides. 

and birds. 


DINOSAURS AND EVOLUTION 


Owen's remarkable conception of dinosaurs alone might have ensured the 
group’s popularity. But another thrust of his 1842 report ensured that 
dinosaurs would always remain at the forefront of scientific thought. Owen 
tied dinosaurs to the theory of evolution. 

By the 1840s, the scientific community was reacting to the influential work 
of James Hutton, George Cuvier, and Charles Lyell as their logic and obser- 
vations transformed geology into a testable science (see Chapter 5). Natu- 
talists had already been discussing various theories of evolution or transmu- 
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tation of species for several decades. Darwin's grandfather Erasmus had writ- 
ten a book on the subject and several theories had been advanced by the 
great French biologists Etienne Geoffroy Saint-Hilaire and Jean-Baptiste 
Lamarck. Darwin's ideas were as yet only sketches in one of his notebooks 
and remained unpublished. 

Like Darwin's, early theories of evolution tried to explain a variety of pat- 
terns in Nature. One compelling pattern was the orderly succession of groups 
in the fossil record. As we saw earlier, George Cuvier interpreted the succes- 
sion of fossils in rocks around Paris as evidence of successive catastrophes. 
By Owen's time much of Britain had been geologically mapped by Hutton 
and his successors. Knowing the stratigraphic sequence of rock layers, geol- 
ogists could determine which of two fossils was younger and which was older. 
And there was a consistent pattern. The oldest vertebrate fossils, from the 
stratigraphically lowest rocks, mostly Paleozoic in age, were fishes. Only in 
younger Mesozoic rocks did the first land-dwelling tetrapods appear, and 
mammals and birds were confined to still younger Tertiary rocks. Early evo- 
lutionary theorists attempted to account for this orderly succession by invok- 

ing a process of progress. Evolution proceeded as a progressive ascent on 
the “scale of nature.” Later organisms exhibited what were deemed to be 
evolutionary “improvements” over earlier organisms. Owen's first study on 
dinosaurs would refute this view. 

Owen observed that “many races of extinct reptiles have succeeded each 
other as inhabitants of the portion of the earth now forming Great Britain; 
their abundant remains, through strata of immense thickness, show that they 
have existed in great numbers, and probably for many successive genera- 
tions.” He then asked, “To what natural or secondary cause... can the suc- 
cessive genera and species of Reptiles be attributed? Does the hypothesis of 
transmutation of species, by a march of development occasioning a progres- 
sive ascent in the organic scale, afford any explanation of these surprising 
phenomena? Do the speculations of Maillet, Lamarck, and Geoffroy derive 
any support or meet with additional disproof from the facts already deter- 
mined in the reptilian department of Palaeontology?”!® 

Ideas about progressive evolution were rejected by later scientists 
because they made testable predictions about the distribution of organisms 
in time and space that were refuted by observations of Nature. In this way, 
Owen used dinosaurs to test and reject the hypothesis. Progressive evolution 
predicted that modern reptiles should be more advanced than their extinct 
counterparts. However, Owen observed that “The period when the class of 
Reptiles flourished under the widest modifications, in the greatest number 
and the highest grade of organization, is past; and, since the extinction of the 
Dinosaurian order, it has been declining. The Reptilia are now in great part 
superseded by higher classes: Pterodactyles have given way to birds; Mega- 
losaurs and Iguanodons to carnivorous and herbivorous mammalia; but the 
sudden extinction of the one, and the abrupt appearance of the other, are 
alike inexplicable on any known natural causes or analogies.”!! If evolution 
occurred at all, it was not via the march of progress envisioned by Owen's 
French colleagues. 

Owen was right, but history has treated him harshly because he advocat- 
ed a view with even less merit than progressive evolution. His 1842 report 
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concluded that “The evidence ... permits of no other conclusion than that 
the different species of Reptiles were suddenly introduced upon the earth's 
surface, although it demonstrates a certain systematic regularity in the order 
of their appearance....Thus, though a general progression may be dis- 
cerned, the interruptions and faults, to use a geological phrase, negative the 
notion that the progression has been the result of self-developing energies 
adequate to a transmutation of specific characters; but on the contrary, sup- 
port the conclusion that the modifications of osteological structure which 
characterize the extinct Reptiles, were impressed upon them at their cre- 
ation, and have been neither derived from improvement of a lower, nor lost 
by progressive development into a higher type.”!* And with that, Owen’s life- 
long campaign against evolutionists began. 


DARWINIAN EVOLUTION 


Darwin’s theory of evolution basically states that descent with modification is 
the process that has yielded today’s diverse biota. All species, however diver- 
gent, are related, more or less closely, to each other through a long chain of 
ancestors and descendants. Speciation, the process of diversification, is influ- 
enced by a variety of mechanisms. 

The principle mechanism of evolutionary change, according to Darwin, is 
natural selection that results from a struggle for survival faced by all organ- 
isms. He described it this way: 


A struggle for existence inevitably follows from the high rate at which all 
organic beings tend to increase. Every being, which during its natural life- 
time produces several eggs or seeds, must suffer destruction during some 
period of its life, and during some season or occasional year, otherwise, on 
the principle of geometrical increase, its numbers would quickly become so 
inordinately great that no country could support the product. Hence, as 
more individuals are produced than can possibly survive, there must in 
every case be a struggle for existence, either one individual with another of 
the same species, or with the individuals of distinct species, or with the 
physical conditions of life. It is the doctrine of Malthus applied with mani- 
fold force to the whole animal and vegetable kingdoms; for in this case 
there can be no artificial increase in food, and no prudential restraint from 
marriage. Although some species may be now increasing, more or less 
rapidly, in numbers, all cannot do so, for the world would not hold them. !? 


A pool of natural variation is present among individuals in any population 
or species, and natural selection favors traits in the pool that enhance the sur- 
vival of some individuals over others. Over the vastness of geological time, 
survival of the fittest leads to gradual change of characteristics from one gen- 
eration to the next, so descendants differ markedly from their distant ances- 
tors. In a similar way, humans have artificially selected the traits of domestic 
animals and crops possessing desirable traits, whereas individuals lacking 
those traits are prevented from breeding. So, domestic organisms are quite 
different from their closest wild relatives. With sufficient time, natural selec- 
tion may produce new races and species or lead to extinction: 


Charles Darwin in 1854, at the time he 
began full-time research on species. 
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As mancan...and...has produced a great result by his methodical and 
unconscious means of selection, what may not nature effect? ... natural 
selection is daily and hourly scrutinising, throughout the world, every vari- 
ation, even the slightest; rejecting that which is bad, preserving and 
adding up all that is good; silently and insensibly working, whenever and 
wherever opportunity offers, at the improvement of each organic being in 
relation to its organic and inorganic conditions of life. We see nothing of 
these slow changes in progress, until the hand of time has marked the long 
lapses of ages, and then so imperfect is our view into long lost geological 
ages, that we only see that the forms of life are now different from what 
they formerly were.!4 


Darwin’s theory of natural selection is often thought to be synonymous 
with his theory of evolution, but they are really two distinct theories. The the- 
ory of evolution relates the process of descent to the pattern of diversity that 
exists today. Darwin's theory of evolution differs from other theories by say- 
ing that descent leads only to divergence, and not necessarily to progress. 
Both progressive and degenerative changes could occur, depending on what- Charles Darwin, 20 years later, in 1874. 
ever particular mechanism of change was operating on a particular lineage. 

Descendants will simply be different from their ancestors to greater or lesser 
degrees, not necessarily better or worse. 

Natural selection, on the other hand, is a separate theory about one of 

several mechanisms that might drive an episode of diversification. Darwin 
identified several other mechanisms as well, such as sexual selection and 
what he called blending inheritance. Because genetics and genes had yet to 
be discovered, some of Darwin's ideas about evolutionary mechanisms, like 
blending inheritance, have been refuted by later researchers. Identifying 
which mechanisms have operated in particular evolutionary cases has always 
been the most problematic and controversial aspect of Darwinian evolution. 
Even Darwin's strongest supporters, including Thomas Huxley, had a hard 
time accepting the slow, gradual mechanism of natural selection, and with 
good reason as we will see in a later chapter. But Darwin's basic tenet of evo- 
lution, descent with modification, remains the grand unifying theory of biol- 
ogy. Of course in the mid-nineteenth century these issues were far less clear. 
By the time Darwin published his theory in 1859, numerous theories had 
been advanced and refuted. After all, Owen had been correct in refuting the 
progressive evolution of Lamarck. Any new theory about evolution should be 
met with healthy skepticism. 

One of the earliest and greatest tests of Darwinian evolution involved the 
fossil record. All debaters agreed that today’s diverse species are not arrayed 
into a complete continuum of form, and that Nature is instead divided into 
distinctive clumps of species separated by wide gaps. Green plants are unmis- 
takably different from animals, turtles from birds, and so on. Within larger 
groups, smaller groups and gaps are also discernible. Among birds, humming- 
birds, woodpeckers, and ducks are readily distinguished. The critics of evolu- 
tion asked, if today’s diversity emerged by gradual modification from some 
common ancestral form, why do these gaps exist? 

In response, Darwin's ally, Thomas Huxley argued that “We, who believe in 
evolution, reply that these gaps were once non-existent; that the connecting 
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forms existed in previous epochs of the world’s history, but that they have 
died out.”! Living lineages, however distinctive and different from one 
another, should be connected in the past through their fossil records. 

Testability was the standard for Darwin's scientific theory, as it had 
become for the geological sciences in the decades preceding publication 
of the Origin. Naturally, evolutionists were challenged to produce evidence 
of the extinct transitional forms that Darwin’s theory predicted. But just as 
incompleteness of the rock record compromises our ability to test both 
catastrophic and gradualistic explanations for the K-T extinction episode, 
incompleteness also compromises our ability to connect lineages back 
through time. Darwin appreciated this and explained that we should 
expect such gaps.!°© Fossilization is an exceptional process. Only a minute 
fraction of the organisms that have lived on Earth are preserved as fossils; 
far fewer yet have been discovered by naturalists. So our record of ancient 
life is highly incomplete. 

Darwin's critics labeled this as an excuse to cover another fundamentally 
flawed theory of evolution. And without any transitional fossils to counter 
this claim, they might just as well have been right. 


THE PROBLEM WITH BIRDS 


When On The Origin of Species hit the newsstands, one of the most glaring gaps 
in the fossil record was the early history of birds. Birds are highly distinctive. 
Nobody would mistake a bird for any other animal. But in the mid-nineteenth 
century their fossil record appeared to begin abruptly during the Tertiary. Some 
naturalists argued that some three-toed Mesozoic trackways were made by more 
ancient birds. But some of these were much too large for known birds to make, 
so most naturalists agreed with Richard Owen that these “Foot-prints alone... 
are insufficient to support the inference of the possession of the highly devel- 
oped organization of a bird of flight by the creatures which have left them.”!” 
The earliest fossil birds known at that time were already very highly dis- 
tinctive, having wings and the ability to fly. And at their first appearance in 


Thomas Huxley, one of Darwin’s 
greatest supporters, was the first 
great promoter of the dinosaur-bird 
hypothesis. 
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the fossil record, there were already a number of different lineages. To Owen, 
this reflected the pattern of creation. Darwinians, however, viewed this as an 
artifact of an incomplete fossil record. They predicted that a long pre-Tertiary 
history of fossil birds linking the various bird lineages together through com- 
mon ancestors would eventually be found, as well as fossil “protobirds” link- 
ing birds with other tetrapods. But if this is true, where were the fossils? 

Compounding the incompleteness problem, birds are so distinctive that 
evolutionists weren't sure which other tetrapod represented their closest living 
relative. With their warm-bloodedness, feathers, and flight, birds seemed as 
different from other tetrapods as tetrapods are from fish. All tetrapods, includ- 
ing birds, mammals, crocodylians, lizards, turtles, and amphibians, could be 
distinguished from fish by their four limbs. Turtles, lizards, and crocodylians 
were all cold-blooded and had scales. So they belonged to a group within 
tetrapods called reptiles. But that was as far as general agreement went. 

This limited understanding was reflected in the classification system used 
at that time. Owen and Darwin were basically still using Linnaeus’ system. 
Birds, mammals, reptiles, amphibians, and fishes were each placed in a sepa- 
rate class, a Linnaean rank denoting a large group that looks very distinct form 
other animals. Class Aves, for birds, was equal to but entirely separate from 
Class Reptilia, Class Mammalia, and Class Amphibia. While this allowed all 
animals to be properly classified in the Linnaean system, it ignored the critical 
genealogical question: Are birds more closely related to mammals, reptiles, or 
amphibians? 

Working in 1763, Linnaeus had no idea that species were related, so he 
never attempted to design a system of classification that reflected genealo- 
gy. But as the Darwinian Revolution swept across the scientific community, 
naturalists began to search for the closest relative of birds. Most naturalists 
speculated that birds were most closely related to reptiles, but which rep- 
tiles? Some allied birds with turtles, based on the shared presence of a tooth- 
less, horn-covered bill or beak. Other naturalists allied birds with croco- 
dylians or lizards. Richard Owen classified animals based on “unity of type” 
not genealogy. His solution to the problem was to classify birds and mam- 
mals together based on warm-bloodedness. But if Darwin was right about all 
species being related, these possibilities could not all be true. There could 
be only one true, historic set of relationships. Who were the closest living rel- 
atives of birds? Who were the ancestors of birds among extinct organisms? 


ARCHAEOPTERYX AND EVOLUTION 


Two years after publishing On The Origin of Species, Darwin was under attack in 
both the scientific and popular press. And then Archaeopteryx was discovered. 
It was an instant scientific sensation—both evolutionists and antievolution- 
ists claimed it as their prize and used it to open a new battlefront in the esca- 
lating war over evolution. 

It is difficult to imagine a more highly charged atmosphere than the one 
existing when Archaeopteryx was discovered. Its Late Jurassic age fitted Dar- 
winian predictions perfectly. The feather impressions looked like modern bird 
feathers down to their microscopic detail. But Archaeopteryx also had a long 
bony tail, more like the cold-blooded reptiles than any living birds. In addi- 
tion, the three fingers of its hand (or wing) were separate, with claws on the 
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end. Modern birds have three fingers that fuse into a single bone to help 
strengthen the wing. And who ever heard of a bird with claws on its hands? 
Were these the primitive features expected in a Mesozoic intermediate 
between birds and other tetrapods? 

On November 9, 1861, Professor Andreas Wagner, a distinguished German 
paleontologist, announced the discovery of what would become known as 
the London specimen at a meeting of the Royal Academy of Sciences of 
Munich. However, the real issue of Wagner's address was evolution. Wagner 
had never actually seen the skeleton, so he relied upon a report by a lawyer 
named Witte who had seen it in Karl Haberlein’s possession. As Owen later 
recounted the story, “Upon the report thus furnished to him, Professor Wag- 
ner proposed for the remarkable fossil the generic name Griphosaurus, con- 
ceiving it to be a long-tailed Pterodactyle with feathers. His state of health 
prevented his visiting Pappenheim for a personal inspection of the fossil; 
and, unfortunately for palaeontological science, which is indebted to him for 
many valuable contributions, Professor Wagner shortly after expired.”!® 

Wagner's terminal scientific thought that night was a shot at evolution: “In 
conclusion, I must add a few words to ward off Darwinian misinterpretation 
of our new saurian. At the first glance of the Griphosaurus [Wagner's proposed 
name for Archaeopteryx] we might certainly form a notion that we have before 
us an intermediate creature, engaged in the transition from the saurian to 
the bird. Darwin and his adherents will probably employ the new discovery 
as an exceedingly welcome occurrence for the justification of their strange 
views upon the transformation of animals but in this they will be wrong.”!? 


ARCHAEOPTERYX: BIRD OR FEATHERED REPTILE? 


Was Archaeopteryx a feathered pterosaur or some other kind of feathered rep- 
tile? Was it really a reptilelike bird—a transitional fossil like Darwin's theory 
predicted? Grasping instantly its pivotal importance to the debate over evo- 
lution, Owen snatched up the specimen for the British Museum. It arrived in 
London in 1862. 

Now, with both the specimen and one of the world’s premiere skeleton col- 
lections to compare it with, Owen wasted little time in responding to the spec- 
ulations of evolutionists, who had never even seen Archaeopteryx. In 1863 he 
published a thorough description, masterfully crafted to rebut the publicity 
Archaeopteryx had already received as a potential link between birds and reptiles. 

The skeleton is divided between two halves of the split slab. Prior to 
burial, the skeleton became partly dismembered, and the skull and jaws 
were apparently lost. But most of the skeleton and many feathers were pre- 
served. As Owen described it, “The remains of Archaeopteryx, as preserved in 
the present split slab of lithographic stone, recalled to mind the condition 
in which I have seen the carcase of a Gull or other sea-bird left on an estu- 
ary sand after having been a prey to some carnivorous assailant. The vis- 
cera and chief masses of flesh, with the cavity containing and giving 
attachment to them, are gone, with the muscular neck and perhaps the 
head, while the indigestible quill-feathers of the wings and tail, with more 
or less of the limbs, held together by parts of the skin, and with such an 
amount of dislocation as the bones of the present specimen exhibit, remain 
to indicate what once had been a bird.”7° 
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ARCHAEOPTERYX AND MODERN BIRDS OTHER TETRAPODS 


right collar bone 
wishbone 


Along with its size, proportions, and feathers, the skeleton showed many Archaeopteryx has what Owen 
other resemblances to modern birds, including a wishbone or furcula. Among considered to be definitive avian 
living species, the furcula is known only in birds and had never before been features, like the wishbone or furcula, 


discovered in a fossil reptile. It represents a fusion of the right and left collar 
bones or clavicles. As a young bird embryo develops, the collar bones form 
separately, reflecting the condition found in most adult tetrapods. But by 
hatching time, the avian clavicles fuse to form the highly characteristic 
U-shaped furcula. Once fused, the wishbone acts as a spring to help power 


become fused together. 
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Shoulder Elbow Wrist The arms of a pterosaur, 
joint joint = joint Archaeopteryx, a modern bird, 
and a human are compared. 
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the flight stroke and may also facilitate breathing during flight. Because the GENERAL REPTILIAN CONDITION 
furcula is absent in flightless birds like ostriches, some naturalists have 
argued that it must be an essential component of flight. Who else but a fully 
volant bird would have a furcula? 

Also birdlike are the shoulder and arm of Archaeopteryx. The wrist has the 
half-moon-shaped semilunate carpal, just like Deinonychus. The hand propor- solid wall in 
tions, the three fingers, and the relationships of the wing feathers to the fin- hip socket 
gers are also birdlike. Owen went to great length to show that pterosaur 
wings found around Solnhofen are different from Archaeopteryx. The pterosaur 
wing’s membrane of skin often forms an impression on the lithographic 
stone. The membrane is supported by the fourth finger, a digit that is entire- 
ly absent in Archaeopteryx and adult living birds. This was clearly no feathered 
pterosaur, as Andreas Wagner had claimed. 

Owen reported that the pelvis and hindlimb are especially birdlike. One of AVIAN CONDITION 
the most important resemblances is in the sacrum, and the pelvis that attach- 
es to it. The sacrum is composed of separate vertebrae whose short and mas- 
sive ribs attach to the inside of the pelvis, anchoring the backbone to the 
hindlimb. The elongated sacrum in Archaeopteryx and modern birds is massive 
and reinforced to withstand the forces generated in landing. The inner wall of 
the hip socket is perforated. The head of the thighbone is bent sharply to fit 
deeply into the hip socket, in characteristically avian fashion. Even more bird- 
like, the bones of the ankle are fused together, some to the end of the shin, 
others to the top of the foot, producing a hingelike ankle. The upper foot 
bones, the metatarsals, are partially fused as well for both strength and sta- 
bility. Three toes point forward, while the first toe is turned backward so that 
it can grasp against the other three. Does any of this sound familiar? 

Owen noted that the limb bones in Archaeopteryx are hollow, thin-walled 
tubes. Modern birds have an expanded respiratory system that extends through- 
out much of the body as a series of air sacs. They enhance the efficiency of oxy- 
gen extraction by the lungs and lighten the skeleton. Some air sacs actually birds, contrasting with the general 
extend into the hollows of the bones. The first clues to this remarkable lung sys- reptilian condition in which there 
tem were discovered a century before Owen set eyes on Archaeopteryx. In 1758, is a solid wall inside the socket. 
John Hunter, a leading British physician and naturalist, discovered the unique 
connection. After tying closed the windpipe of a domestic fowl, he cut through 
the humerus, the bone between shoulder and elbow, and “found that the air 
passed to and from the lungs by the canal in this bone. The same experiment 
was made with the os femoris [the femur] of a young hawk, and was attended 
with a similar result.”?! Hunter had demonstrated that birds’ bones contain air, 
not marrow, and that the air spaces are connected to the respiratory system. The 
hollow skeleton of Archaeopteryx was further evidence that it is a bird. 

But Owen noted striking differences between Archaeopteryx and modern 
birds, and it is these features that caused the sensation surrounding its dis- 
covery. Its peculiar hand had three separate fingers, two of which were 
equipped with claws. The unusual, 8-inch (20-cm) bony tail was composed of 
sixteen vertebrae, and impressions indicated that the quills of the tail feath- 
ers were attached to the vertebrae by thin ligaments. In modern birds, there 
are only a few vertebrae at the base of their stubby tail, and the tail feathers 
attach to a plow-shaped bone at the end of the backbone known as the 
pygostyle. Were the evolutionists right that these are transitional features, or 
was Archaeopteryx just another bird? 


hole in wall 
of hip socket 


The hip socket, or acetabulum, is 
perforated in Archaeopteryx and other 
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Utilizing his understanding of embryology, Owen downplayed the 
importance of these potentially transitional features. He pointed out that 
the embryonic pygostyle forms from separate cartilages, like the separate 
vertebrae in Archaeopteryx, before they fuse to form the adult pygostyle. 
Similarly, the avian hand forms from the fusion of the second and third fin- 
gers, which are separate in early development. To Owen, both the hand 
and tail of Archaeopteryx were minor developmental variants of the basic 
avian plan; similar variants are seen in the tails of bony fishes and other 
vertebrate groups. And the presence of claws, Owen argued, was highly 
variable in living groups. Even some modern birds, like the Kiwi, have a 
claw on the end of one finger in the hand. 

In summation, Owen counterattacked against Darwin, “Thus we discern, in 
the main differential character of the by-fossil-oldest known feathered Verte- 
brate, a retention of a structure embryonal and transitory in the modern rep- 
resentatives of the class, and a closer adhesion to the general vertebrate 
type....The best-determinable parts of its preserved structure declare it 
unequivocally to be a bird, with rare peculiarities indicative of a distinct 
order in that class.”*? The differences between Archaeopteryx and other birds 
were minor compared to the overall similarities in the skeleton and the pres- 
ence of feathers. In Owen's view, Archaeopteryx fell squarely in the Class Aves: 
it was not transitional between birds and reptiles. 


BRIDGING THE GAP 


But to an equally famous evolutionist like Thomas Huxley, Archaeopteryx looked 
like a perfect transition between birds and reptiles, suggesting that one class 
could “transmute” into another.?? Furthermore, Huxley loathed Owen, and rel- 
ished the opportunity for a fight. Their personal acrimony spilled out into the 
tabloids, and the debate became highly adversarial. 

Unlike Owen, Huxley compared Archaeopteryx to fossil reptiles as well as to 
living birds, noting that today “no two groups of beings can appear to be 
more entirely dissimilar than reptiles and birds. Placed side by side, a Hum- 
ming-bird and a Tortoise, an Ostrich and a Crocodile offer the strongest con- 
trast, and a Stork seems to have little but animality in common with the 
Snake it swallows.”24 He then asked, “How far can this gap be filled up by the 
fossil records of the life of past ages? This question resolves itself into two:— 
1. Are any fossil birds more reptilian than any of those now living? 2. Are any 
fossil reptiles more bird-like than living reptiles?”2° 

Huxley answered both in the affirmative. For a fossil bird more reptilian 
than any modern bird, Huxley of course pointed to Archaeopteryx. Like reptiles, 
the digits of the hand are unfused, and two of them have claws, whereas in liv- 
ing birds there is never more than one claw. The long tail made up of separate 
vertebrae is also reptilian. Owen's objection that these were merely embryon- 
ic and transitory structures notwithstanding, Huxley concluded “it is a matter 
of fact that, in certain particulars, the oldest known bird does exhibit a closer 
approximation to reptilian structure than any modern bird.”2° 

In answering the second question, Huxley slapped Owen's face by turning 
to Dinosauria, the very group Owen had discovered. In the two decades since 
Owen named Dinosauria, great new discoveries of dinosaurs had been made 
in Britain, Germany, and North America. They showed that some dinosaurs 
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In embryonic birds and young hatchlings, 
the tail is made up of several separate 
bones or cartilages, like the adult tail of 
Archaeopteryx. In modern birds, these 
separate elements eventually fuse to 
become the adult pygostyle. 
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walked on their hindlimbs like birds. Mesozoic trackways confirmed this and 
showed, moreover, that both huge animals and tiny ones were walking 
bipedally. In Bavaria a nearly complete skeleton as old as Archaeopteryx was 
described and named in 1861 by Andreas Wagner shortly before his death.’ 
Compsognathus longipes is only about two-thirds of a meter long. Wagner rec- 
ognized it as a reptile, but failed to see what kind. 

The brilliant German anatomist and evolutionist Carl Gegenbaur studied 
Compsognathus soon after its discovery.28 He observed that its ankle closely 
resembled the ankle of birds, one of the features Owen had used to place 
Archaeopteryx within birds. Huxley instantly concurred with Gegenbaur, adding 
that “there can be no doubt that the hind quarters of the Dinosauria wonderfully 
approached those of birds in their general structure, and therefore that these 
extinct reptiles were more closely allied to birds than any which now live.”2? 
Huxley also recognized that Compsognathus must be “placed among, or close to, 
the Dinosauria; but it is still more bird-like than any of the animals which are 
ordinarily included in that group.”?° 

Huxley next turned to embryology, highlighting a special similarity between 
dinosaurs and young embryonic birds. Expanding on Gegenbaur's observations, 
he described the leg and ankle of a young Dorking fowl, concluding that if 
“found in the fossil state, I know not by what test they could be distinguished 
from the bones of a Dinosaurian. And if the whole hindquarters, from the ilium 
to the toes, of a half-hatched chicken could be suddenly enlarged, ossified, and 
fossilized as they are, they would furnish us with the last step of the transition 
between Birds and Reptiles; for there would be nothing in their characters to 
prevent us from referring them to the Dinosauria.”?! 

Many characters that Huxley used to identify Compsognathus as a dinosaur 
were the same ones Owen had used to distinguish Dinosauria, and Huxley 
must have appreciated the irony of it. The fact that two specimens of 
Archaeopteryx were long mistaken for Compsognathus further highlights the degree 
of resemblance. Compsognathus has the sacrum and hip of a dinosaur but the 
foot more like that of a bird. The major difference is that the metatarsal bones 
remain separate in Compsognathus, whereas they become fused in birds. It was 
surprising to find these features in such a small animal, however. Dinosaurs 
were supposed to be huge. But other paleontologists quickly saw the resem- 
blance, and the idea of a close connection between birds and dinosaurs found 
a wide following over the next few years. 

Huxley even inferred that the physiology of dinosaurs might have achieved 
a level found in modern birds. “Birds have hot blood, a muscular valve in the 
right ventricle, a single aortic arch, and remarkably modified respiratory 
organs; but it is, to say the least, highly probable that the Pterosauria, if not 
the Dinosauria, shared some of these characters with them.”?* Huxley and 
Owen had both seen birdlike features in extinct dinosaurs. 


THE THEORY OF HOMOPLASY 
OR INDEPENDENT EVOLUTION 


Showing that tiny, birdlike dinosaurs existed closed the gap between birds 
and reptiles even more than Archaeopteryx had, by linking birds with a par- 
ticular kind of reptile. It was also the critical step, for both Huxley and John 
Ostrom a century later, in connecting birds to dinosaurs. 


The skeleton of Compsognathus was 
found in the Solnhofen limestones at 
about the same time as Archaeopteryx. 
It led the great German anatomist Carl 
Gegenbaur and developmental biologist 
to discover the connection between 
Mesozoic dinosaurs and modern birds. 


DINOSAURS CHALLENGE EVOLUTION 


So what happened to the connection? Why did Deinonychus resurrect the 
point Huxley apparently won a century before? What changed the scientif- 
ic world’s mind in the last quarter of the nineteenth century? 

Harry Seeley, Owen's protégé, proposed the argument at one of Huxley's lec- 
tures before the Geological Society of London. Huxley cited the similarities in 
the hindlimbs of birds and dinosaurs as evidence of a close evolutionary rela- 
tionship. At the end, as recorded by the secretary of the society, Seeley rose and 
noted “that the peculiar structure of the hinder limbs of the Dinosauria was due 
to the functions they performed rather than to any actual affinity with birds.”?? 
Later, he enlarged on the idea: “All the characters whereon are based the claim 
of dinosaurs to be regarded as the ancestors of birds are only related to the 
power of keeping an upright position upon the hind feet.” 

Seeley claimed that the resemblances between birds and dinosaurs, like run- 
ning on the hindlimbs, could have evolved independently. No close evolution- 
ary connection was necessary. Natural selection might possibly shape compa- 
rable evolutionary solutions in distant relatives, owing to comparable demands 
of the environment. Seeley also believed that the linking together of extinct lin- 
eages, as Huxley was trying to do with birds and dinosaurs, was virtually impos- 
sible. Lastly, he noted that only some, not all, dinosaurs had the birdlike resem- 
blances. There was a mosaic of characters distributed among these fossils that 
he argued were best interpreted as independent acquisitions. 

This notion was eventually termed the “theory of homoplasy.”*4Homoplastic 
features are corresponding and similar parts in different organisms whose sim- 
ilarity is not inherited from a common ancestor. Independent acquisitions like 
the wing of a bird and a bat are said to be homoplastic because, based on what 
we know about their relationships, we can conclude that their wings evolved 
independently. The last common ancestor shared by birds and bats did not fly. 

The theory of homoplasy was widely accepted by naturalists. Those who 
supported dinosaurian ancestry complicated the problem by arguing over 
which dinosaur was the ancestor. Some would derive birds from the carnivo- 
rous dinosaurs while others argued that it was the herbivorous forms like 
Iguanodon that held the ancestry of birds. Even Huxley later straddled the 
fence. Although he derived birds from reptiles, he did not subscribe to the 
direct derivation of birds from dinosaurs, stating “It may be regarded as cer- 
tain that we have no knowledge of the animals which linked reptiles and 
birds genetically, and that the Dinosauria, with Compsognathus, Archaeopteryx, 
and the struthious birds only help us to form a reasonable conception of 
what these intermediate forms may have been.”?? 


THE $64 QUESTION 


What Huxley had originally resolved into two questions, paleontologists now 
resolved into one: Are birds directly descended from dinosaurs or not? Huxley 
had answered the question with a strong affirmative to an initially warm 
reception. But his following in the scientific community on this point steadi- 
ly diminished toward the end of the century. One reason is that no known 
dinosaur presented a suitable ancestor. The particular mosaic of characters 
observed in known fossils seemed to disqualify each one of them. One seem- 
ingly insurmountable problem was that no dinosaur was known to have clav- 
icles—the collar bones—for without the clavicles where could the furcula 
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have come from? Several influential paleontologists argued that complex 
features like the clavicles, once lost, could never reappear. “Dollo’s law,” as it 
was called, seemed to put the last nail in the coffin for dinosaurs as the 
ancestors of birds. According to Dollo’s law, once complex features like a 
clavicle have evolved and then been lost, they were unlikely to ever reappear. 
As we will see, there are many exceptions to Dollo’s law, which has been dis- 
carded by twentieth-century biologists. But for a time it seemed to offer a 
more accurate explanation for the actual patterns observed in the paleonto- 
logical record. Birds and dinosaurs evolved as separate lineages arising from 
some earlier, common ancestor. Any advanced similarities they might share 
must have arisen numerous times. 

Several additional discoveries were taken to support this view. The dis- 
covery of part of the head and jaws of Archaeopteryx on the London slabs must 
have embarrassed Owen, who had seen the bones but dismissed them as 
belonging to a fish. The jaws had teeth, but the braincase was indicative of a 
big brain, like living birds. The Berlin Archaeopteryx came to light at about this 
time, confirming the presence of teeth in a fossil bird. The discovery of addi- 
tional toothed Mesozoic birds by O. C. Marsh in the Cretaceous chalks of 
Kansas seemed to add support to the homoplasy theory. His two most com- 
plete finds were Hesperornis and Ichthyornis, both of which were aquatic and had 
a mosaic of characters best explained as having evolved independently from 
the comparable features in dinosaurs. The common ancestor for the two 
groups must have existed in the early Mesozoic, or before. 

In Robert Broom’s hands, the Early Triassic Euparkeria became the perfect 
candidate for the ancestor from which birds and dinosaurs split off. It was 
almost uniformly primitive. Crocodylians, birds, dinosaurs, and pterosaurs 
could all have evolved directly from Euparkeria or from something very much 
like it. There were several other primitive archosaurs, all poorly known, of Tri- 
assic age, that became grouped together with Euparkeria. Somewhere within 
this assemblage of primitive archosaurs, named Thecodontia, was the ances- 
tor. The thecodont ancestry of birds was the most popular view from then on, 
or at least until Deinonychus raised its distinctive birdlike head. 

By the time Ostrom began to suspect that Deinonychus was more than just 
another dinosaur, the homoplasy theory had even been carried to Dinosauria 
itself. Some paleontologists were arguing that the resemblances Owen had 
originally noted between the various dinosaurs were also homoplastic, and 
the things we call dinosaurs had evolved these features several times. Not 
only were birds not derived from dinosaurs, but the dinosaurs themselves 
did not form a natural group and were instead separately evolved from dif- 
ferent thecodont ancestors. 

The many new discoveries since 1841 only seem to complicate our picture 
of the past. Did the discovery of Deinonychus take us a step backwards or a step 
closer to answering whether birds and dinosaurs are related? By the time our 
first year of graduate school at Berkeley had ended, it seemed that the only 
thing paleontologists all agreed on is that dinosaurs are extinct. 


T Dinosaurs and the 
. Hierarchy of Life 


‘in Huxley's time were thrown at Deinonychus a century 
ae Are He ee of modem birds to iie 
dinosaurs genealogical, or merely a coincidence—the 
eal of convergent evolution? 

As we watched the debate between Ostrom and his 
canes unfold, each side emphatically asserted that it was 
correct. But they couldn’t both be right. Birds could have 


only one true set of relationships, one historic line of 
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descent. The trick was to figure out how to test between the alternatives: How 
do we distinguish genealogical similarities from those that reflect homoplasy? 

To answer this question, we must first come to grips with what a dinosaur 
is from a modern scientific viewpoint. What features must an animal have to 
be a dinosaur? While this seems like a simple question, when we arrived at 
Berkeley we encountered an intense debate over how to answer questions 
like this. The debate eventually grew across departmental lines to involve 
many of the faculty and students studying evolutionary biology. It com- 
manded wide attention because of the more fundamental issue at stake 
involved in reconstructing the past—how can we testably reconstruct the 
relationships among living and extinct organisms? 


RECONSTRUCTING RELATIONSHIPS: 
MAPPING THE PHYLOGENY OF LIFE 


Evolutionary relationship, a shared common ancestry, is what makes each of 
the various groups of living organisms distinctive and is what provides their 
biological identities today. Before there was a theory of evolution to suggest 
that species are in fact related, there was no reason to search for a way to 
map their relationships. But in the wake of Darwin’s theory, many different 
methods have been advanced for what is known as phylogeny reconstruc- 
tion—the mapping of evolutionary relationships. 

Reconstructing and mapping ancient phylogenetic relationships has 
become a highly sophisticated science; as a result, these maps can provide 
answers to a vast range of fundamental biological questions. Biologists now 
study organisms in microscopic detail as they search for information per- 
taining to phylogeny, using advanced technologies like high resolution X-ray 
CT scanners and scanning electron microscopes. Modern computers perform 
sophisticated image analyses, a wide array of statistical tests, a variety of 
phylogenetic analyses, and simulations aimed at understanding the past. 
Just as remote sensing technologies have revolutionized our mapping of the 
Earth's surface, our ability to map evolutionary relationships has made enor- 
mous strides with the advent of microprocessor computing. Thousands of 
biologists and paleontologists are now involved in mapping the phylogenet- 
ic relationships among the myriad branches of life. 

But even with modern technology there remain daunting obstacles. Chief 
among these is the fragmentary record of the past. For most living species 
there simply is no fossil record. Preservation is the exception to the rule—far 
more species have come and gone than were ever captured by the fossil 
record. Of those that did leave fossils, the records are at best incomplete. In 
general, the older the event, the less information is preserved. Even at best, 
fossils are mere fragments of a once living, breathing organism. How much 
do they really tell us about the distant past of the Mesozoic? 

Several prominent biologists recently argued that fossils are in fact worth- 
less for reconstructing ancient relationships, and that only modern species 
need be studied. Colin Patterson of the British Museum of Natural History, a 
preeminent paleontologist whom we met in an earlier chapter, argued that 
fossils had no effect whatsoever on modern conclusions about relationship.! 
After all, in living species we can directly observe molecules, soft tissues, col- 
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oration patterns, and behaviors, whereas in fossils we can only speculate 
about these features. Living species present so much more information that 
they will simply swamp any signal preserved in fossils. Coming from an enor- 
mously influential paleontologist like Patterson, this was a powerful argu- 
ment. Other biologists carried the argument further, claiming that our mod- 
ern capability to measure the sequences of nucleic acids in the DNA of living 
species means that we don’t even need to keep museum specimens—a drop 
of fluid is all it takes to reconstruct their relationships. 

But many modern species are so radically altered from the appearance of 
their ancestors, that little of their past is preserved. All systems, including 
bones, soft tissues, molecules, and behaviors can transform; none of these 
systems is immune to evolution. And as they change, they overwrite and grad- 
ually erase their past like a palimpsest. The problem using modern species 
alone becomes increasingly severe in reconstructing progressively more 
ancient patterns. For example, the modern amniotes—birds, crocodylians, 
lizards, turtles, and mammals—diverged from each other about 300 million 
years ago. Over that expanse of time, they evolved in such differing directions 
that it is difficult today to see any clues as to their relationships. Bird feath- 
ers, mammal hair, the shells of turtles, and lizard scales all seem equally dif- 
ferent from each other. At first glance, their skeletons look equally different as 
well. Still, if Patterson were correct, the fossil record had no bearing on our 
understanding of these relationships. 

Thomas Huxley took a different position while defending Darwinian 
evolution a century earlier. Arguing that the gaps separating species today 
were less marked in the past, he predicted that the fossil record would pro- 
vide critical intermediary stages that are clues to the evolutionary linkages 
between modern species. The new tools and computer programs for phy- 
logeny reconstruction gave us a chance to test the importance of fossils in 
a collaborative study with Jacques Gauthier and Arnold Kluge (University 
of Michigan, Ann Arbor) on amniote phylogeny.? A series of computer 
analyses that alternatively included and deleted fossils from a phyloge- 
netic analysis of the major groups of living and extinct amniotes found 
that different genealogies arose when fossils were added or deleted from 
the analysis. Fossils unquestionably made a difference to mapping phy- 
logeny, so the assertion that fossils were irrelevant to phylogeny recon- 
struction was refuted. The details of the tests were revealing. Analyzing 
just the most primitive amniote fossils failed to reveal very strong infor- 
mation on relationships among the major lineages, because those lin- 
eages had not yet become markedly differentiated. Analyzing modern 
species and some of their closest fossil relatives also produced poor 
results, because those particular fossils had already taken on most of the 
distinctive patterns of their living relatives. It was the intermediate fossils, 
which documented the history of evolutionary transformation over several 
hundred million years, that provided the key to understanding amniote 
relationships. This might seem like a case of scientists discovering the 
obvious, but a growing number of biologists had begun to operate under 
the assumption that the modern biota alone could tell the same story. Our 
tests showed that by looking at both fossils and recent species, we have the 
best chance of accurately reconstructing the past. 
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HOW TO READ A PHYLOGENETIC MAP 


Life is arrayed in a hierarchy, in which lineages are arranged within more inclusive lineages. There 
are distinguishing features at each level. The relationships among species can be diagrammed in 
several ways. These diagrams represent the same hierarchy of relationships, in which B and C are 
each other's closest relatives. Together, they form the sister lineage to D. Similarly, B-C and D 


together form the sister lineage to A. 


Phylogenetic maps, otherwise known as cladograms, use 
solid lines to represent lineages. At the lowest levels in 
the hierarchy of life, these are lineages of interbreeding 
organisms (bottom left). Environmental factors sometimes 
create reproductive barriers that split a population 

into separate, diverging lines of ancestry and descent. 
These are speciation events. On a cladogram they are 
represented by nodes—where two or more branches 
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in greater detail 


split apart (top right). The relative timing of speciation 
events is represented vertically, from oldest to youngest 
branchings. Like geographic maps of different scales, 
branches on a phylogenetic map, like those labeled A to 
F, may consist of a single species, or thousands of related 
species. Branch F, for example, might represent hundreds 
of species that are simply depicted as a single lineage 
(bottom right). 
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As we saw in Chapter 10, a second factor that complicates phylogeny 
reconstruction is homoplasy, otherwise known as convergent or indepen- 
dent evolution. This was the basis for Harry Seeley’s argument against a 
close relationship between birds and dinosaurs. The problem for Seeley’s 
generation, and for John Ostrom’s as well, was that there were no clear 
methods to determine which similarities reflected homoplasy and which 
reflected evidence of genealogy. 

Given the complications of incompleteness and homoplasy, how do 
modern biologists reconstruct phylogeny? While we were students, a 
method called “cladistics” was developed for reconstructing or mapping 
phylogenetic patterns. Although the methods of cladistics are still evolv- 
ing, there are several basic ideas that underlie most of this work. One is to 
assemble all the data one can possibly find with any bearing on a given 
problem. Like most detectives and most juries, scientists generally prefer 
explanations that address all the evidence, not just some of it. An expla- 
nation of relationships among modern species that rejects fossils is weak 
compared to one that accounts for all the information. A single explanation 
for all the data is more powerful than a series of special arguments that 
address different parts of the data.? Underlying this idea is the same prin- 
ciple of parsimony, often called Occam’s Razor—seeking the simplest 
explanation for all the data—that we introduced earlier. 

A second basic idea in cladistics is to measure and map patterns of 
unique similarity among the intrinsic, heritable characteristics of organ- 
isms. Heritable features include molecular structures, DNA sequences, 
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Vertebrata forms a distinct lineage 
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VERTEBRATES 


bone structure, muscle anatomy, coloration patterns, instinctive behav- 
iors, and so on. Only shared heritable characteristics bear on genealogy, 
and only shared evolutionary novelties provide evidence of shared 
genealogical history. Just as children share unique resemblances to their 
parents, closely related species reveal their relationship in the shared pos- 
session of unique features. 

To reconstruct patterns of evolutionary relationship, one of the chal- 
lenges is to distinguish features that arose in a particular ancestor of inter- 
est, such as the ancestral dinosaur or the ancestral bird, from older fea- 
tures that had simply been inherited from even more distant ancestors in 
the lineage, like the ancestral reptile or the ancestral vertebrate. For 
instance, both birds and humans have a vertebral column, but this is not 
necessarily evidence of close relationship because many other organisms, 
like lizards, salamaners, and sharks, also possess a vertebral column. The 
vertebral column distinguishes vertebrates as a group separate from other 
organisms, but it provides no information on whether humans and birds 
are more closely related to each other, or to lizards, salamanders, sharks, 
or some other vertebrate. 


Among vertebrates, members of the 
tetrapod lineage are distinguished by 
limbs that develop into hands and feet 
(dark green). 
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The structure of the limbs is a different story. Birds and humans both 
possess limbs equipped with hands and feet. Sharks and the various “fish- 
es” have fins, instead. Whereas all vertebrates possess a backbone, only 
some called tetrapods possess limbs that develop into hands and feet. 
Thus, from the structure of their limbs, we can distinguish members of the 
tetrapod lineage. Within tetrapods, we can discern smaller groups. One 
lineage is marked by the amniotic egg, which provides evidence that birds 
and humans are more closely related to each other than they are to sala- 
manders or sharks. By comparing the many different features of organisms 
and mapping which features are found in what particular species, patterns 
of relationship among species emerge and the evolutionary histories of 
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Birds, mammals, lizards, crocodylians, 
and turtles have an egg with an 
amnion—a fluid-filled sack in which 
the embryo develops. This distinctive 
egg distinguishes members of Amniota 
from all other vertebrates. 


Amniota is a lineage contained within 
the more inclusive lineages Tetrapoda 
and Vertebrata. 
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different features can be viewed in an intelligible fashion. Comparisons 
like this can get complicated if a lot of species and characters are analyzed, 
which is where the computers come in. 

This brings us to a third idea behind reconstructing evolutionary relation- 
ships. Evolutionary relationships form hierarchical patterns, in which large, 
encompassing lineages, like Vertebrata, include smaller lineages, like Tetrapo- 
da, which in turn includes even smaller lineages like Amniota. The metaphor 
of a family tree is apt, because from one trunk sprout many branches, which 
in turn sprout twigs, and the hierarchy of relationships is obvious. To discov- 
er these hierarchies of relationships, we map patterns of characteristics that 
are hierarchical, like the pattern just noted. All tetrapods, species with hands 
and feet, have a vertebral column but not all vertebrates have hands and feet. 
Tetrapod species with an amnion all have hands and feet, but not all tetrapods 
have an amniotic egg. By following the pattern of shared characteristics from 
larger groups into smaller groups, one can map out the sequence of evolution 
for life's diverse structures. This is like following an evolutionary path on the 
map of life. First the vertebral column evolved, then hands and feet, and later 
the amniote egg appeared in a descendant lineage. Amniotes are members of 
Tetrapoda and Vertebrata, which is the more-inclusive level in the hierarchy. 
There are about 40,000 living vertebrate species, while Tetrapoda includes 
only about half of the living vertebrate species. 

These ideas can be applied together to tell resemblances that are due to 
homoplasy from resemblances that are genuine clues to common ancestry, 
and this is one of the great strengths of cladistics. Evolutionary resem- 
blances are arrayed in a hierarchical pattern, while homoplasy is indicated by 
points of resemblance. Consider insects and birds. Both have wings, so one 
might argue that they are close relatives. But when the characteristics of all 


The hierarchy of vertebrate 
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tracing the hierarchical arrangement 
of shared evolutionary novelties, 
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amniote egg. 
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of their anatomical systems are considered, the preponderance of evidence 
places insects deeply within the hierarchy of arthropods—the crabs, lobsters, 
and other organisms with jointed limbs and a rigid external skeleton. This 
hierarchy is built from thousands of detailed anatomical observations, and it 
indicates that the insect wing evolved from nonflying arthropod ancestors. 
Birds, on the other hand, lie deeply within the hierarchy of vertebrates, 
organisms with an internal skeleton made of bones, as we will see below. 
Only the shared possession of wings tends to pull birds and insects away 
from their respective hierarchies and into a separate group by themselves. 
But this point of resemblance between birds and insects reflects the common 
mechanical demands of flight, not common ancestry. 

This conclusion is testable by comparing in minute anatomical detail the 
structures of the two wings. If the two wings evolved from a common ances- 
tral pattern, we might expect some degree of resemblance to persist. In fact, 
the two wings are radically different in virtually all details of anatomy and 
development. A second test is to add new information to the analysis, and to 
recalculate the hierarchical pattern that their characters support. For exam- 
ple, each new fossil discovery provides unique combinations of characteris- 
tics for the analysis and can potentially change the map of relationships. 

Does the evolutionary path to birds lead through dinosaurs as Huxley and 
Ostrom argued? If birds and dinosaurs are closely related, then the various 
characteristics of their skeletons should be arrayed into a single hierarchical 
pattern. If the resemblances are homoplastic, then there should be only iso- 
lated points of resemblance between the two, and we should be able to map 
dinosaurs and birds into separate evolutionary hierarchies. And with each 
new fossil discovery, we can test and retest older conclusions. 


BIRDS AND DINOSAURS: ONE HIERARCHY OR TWO? 


Now we can settle into our role as evolutionary detectives, tracking a trail of 
evolutionary clues spread across 3.5 billion years and millions of diverging 
pathways on the map of life. Our first quest is to follow and find the evolu- 
tionary path leading to dinosaurs. Then we will determine whether any of the 
paths within dinosaurs lead to birds. Dinosaurs and birds are undoubtedly 
members of many of the same levels in the hierarchy of life. For example, like 
all life forms, both share an organization based fundamentally on cells and a 
reproductive mechanism that uses DNA to pass parental traits on to descen- 
dants. Both are multicellular organisms with differentiated tissues, such as 
muscles and nerves, and with tissues that in turn are organized into organs 
and organ systems. Further along the map, they belong to a lineage with an 
elongate body, a head at one end and a tail at the other, a mouth in front and 
an anus behind, and bilateral symmetry in which the right and left sides of 
the body are mirror images of each other. Dinosaurs and birds have a verte- 
bral column, the central support of their internal skeletons, and so they lie 
on the vertebrate path of the hierarchy of life. Humans also fall along this 
path of the hierarchy. 

But just how far into the vertebrate hierarchy do these lineages travel 
together? To best appreciate the controversy embroiling birds and dinosaurs, 
it is helpful to follow the map of relationships forward from a level that is not 
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controversial. In order to provide an evolutionary context in which to evalu- 
ate the controversy, we will pick up the trail to birds from the beginning of 
vertebrate history. From there we will follow the phylogenetic map forward in 
time to see where these lineages split and diverge from one another onto 
their own evolutionary trails. 

The first cladistic maps of vertebrate phylogeny were generated by 
Gareth Nelson* and Donn Rosen’ of the American Museum of Natural His- 
tory, and their work has been extended by Colin Patterson, Bobb Schaef- 
fer,’ and John Maisey® also of the American Museum of Natural History, 
and many others. All agree that at the most general level, the map of ver- 
tebrate relationships is split into two major paths which can be regarded 
as “sister lineages” because they sprang from the same common ancestor. 
Each sister lineage forms a hierarchy within the more inclusive hierarchy 
of vertebrate relationships. These sister lineages are of unequal size today. 
The less diverse of the two has been christened Petromyzontida and 
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Phylogenetic map, or cladogram, of 
vertebrate relatinships. (Cross denotes 
extinct species.) 


includes the modern parasitic lampreys. All other 
vertebrates are members of a lineage known as 
Gnathostomata. Among their many distinctive char- 
acters, gnathostomes have jaws that are lined with 
teeth, improving the grasping capability of the 
mouth. They also have fins on either side of the 
body, one pair in front and one in back. Paired fins 
offer greater maneuverability up and down in the 
water column and more rapid turning than was the 
case in the earliest vertebrates. The oldest fossil evi- 
dence of gnathostomes indicates that the lineage 
extended back in time at least 500 million years. 
Dinosaurs, birds, and humans all have a vertebral 
column, jaws, and paired appendages, indicating 
that they belong to the gnathostome path in the ver- 
tebrate hierarchy. 

Gnathostomata includes two great sister lin- 
eages. Chondrichthyes includes the sharks and rays 
while its sister lineage, Osteichthyes, includes all 
the rest. Chondrichthians have lost virtually all of 
the bone in the skeleton, while in contrast Oste- 
ichthyes have increased the extent of their internal 
bony skeleton by adding bony ribs that articulate 
movably with the vertebral column, and a bony 
shoulder girdle that firmly anchored the front fins to 
the body. The ancestral osteichthyan lived in the 
ocean, and many of its living descendants have 
remained in their ancestral environment. Chief 
among them is the actinopterygian lineage, which 
contains about 18,000 species of ray-finned fishes, 
including all that are native to North American fresh 
and coastal waters. However, its sister lineage, 
known as Sarcopterygii, has fins that were modified 
in a highly characteristic fashion, paving the way 
toward life on land. In the front fins there appeared 
a single bone, corresponding to our upper arm or 
humerus, in the part of the fin closest to the body. 
Following the humerus are two more bones, which 
correspond to the radius and ulna, 
the two bones 
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making up our forearms. As we saw in Chapter 9, both Deinonychus and 
Archaeopteryx have the same bones in their skeleton. Birds, dinosaurs, and 
humans all inherited this pattern from the ancestral sarcopterygian so the 
evolutionary trail leading to these groups runs through sarcopterygii. 
Sarcopterygii includes two surviving sister lineages. One of these is 
known as Actinistia and is represented by a single species, which today 
lives only in deep waters around the Comoros Islands of the Indian Ocean. 
Its sister taxon is Choanata, which has nearly 20,000 living species. It is 
through the Choanata lineage that the evolutionary path to dinosaurs can 
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be traced. Members of Choanata are distinguished by a continuous pas- 
sage from the nose through to the roof of the mouth known as the choana. 

There are two major living lineages of Choanata. One, named Dipnoi, 
includes the three living species of lungfish, which live today in freshwater 
streams and water holes in Africa, South America, and Australia. Its sister lin- 
eage is Tetrapoda.’ Tetrapods are the vertebrates who moved onto land, trans- 
forming profoundly from the habitat and appearance of their fishlike ances- 
tors. This momentous relocation occurred in several stages, beginning about 
350 million years ago. The first tetrapods were helped along by the transfor- 
mation into limbs of their more distant ancestor's two pairs of fins. The first 
tetrapods added a series of interlocking bones that form the wrists and ankles. 
Following these is a series of bones forming the hand and foot, which in turn 


Phylogenetic map of relationships 
of the major lineages of Tetrapoda. 
(Cross denotes extinct species.) 
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are followed by additional rows of bones forming the fingers and toes, pro- 
ducing the basic pattern of bones found in the hands and feet of living 
tetrapods. One glance at a dinosaur skeleton confirms that dinosaurs are part 
of this lineage. One glance in a mirror should convince you that you are too. 

Locomotion in early tetrapods was only slightly different from the motion 
through the water column of their fishlike ancestors. Sigmoidal side-to-side 
undulation of the vertebral column provided the basic thrust, as was the case 
in Vertebrata ancestrally, but the body was propped against the ground 
instead of against a water column. Even with this new ability, the earliest 
tetrapods probably spent most of their time in the water, feeding there and 
laying their eggs in the water as well. Their tails, moreover, were still designed 
for swimming. If we could go back in time to hunt for early tetrapods, it would 
take a fishing pole to catch one. 

Two major tetrapod lineages survive today, namely, Amphibia and Amnio- 
ta. Amphibians living today include the frogs, salamanders, and caecilians. As 
the name of this group implies, most amphibians have ties to both the land 
and the water. Modern amphibians were once looked upon by naturalists as 
being uniformly primitive. However, in the 350 million years since branching 
out on their own evolutionary pathway, modern amphibians have become 
highly modified from the ancestral tetrapod. The skeletons of frogs are highly 
specialized for leaping, and salamanders are greatly altered owing in large 
part to the developmental retardation of certain skeletal growth patterns. Cae- 
cilians are strange, wormlike creatures whose fossil record reveals a history 
marked by reduction and finally total loss of the limbs. 

As we have seen, Amniota, the other major lineage of tetrapods, is the 
lineage with the amnion. Usually the amnion is surrounded by a hard or 
leathery shell, like the eggs of birds or turtles. However, even human 
embryos grow within an amnion that develops inside the mother’s womb. 
The evolution of the amniotic egg represented the next stage in the tetra- 
pod transition to land by allowing the egg to be laid on land. The evolu- 
tionary paths for birds, dinosaurs, and humans lie within the phylogenetic 
hierarchy of Amniota. 

The exact number of fingers and toes was variable in the earliest tetrapods 
but the number eventually stabilized at five fingers and five toes in the ances- 
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tral amniote, as it evolved greater agility and speed on land than before. The 
vertebral column was also strengthened to withstand the greater forces gen- 
erated during locomotion on land. Whereas their fishlike relatives are more 
or less neutrally buoyant, in effect weightless while in the water, the terres- 
trial amniotes had to confront the problem of weight and gravity. In addition, 
the earliest amniotes have the beginnings of a sophisticated joint between 
the head and neck, enabling the head to bend and twist from side to side, 
and to take items from the ground. Fishlike vertebrates often suck food items 
into their mouths with a large gulp of water, but amniotes must be more agile 
to catch prey crawling or flying by. 

The relationships among amniotes have been controversial for decades. 
In our years at Berkeley, working with Jacques Gauthier, we were among the 
first to apply cladistics to the problem of amniote phylogeny.!° Subse- 
quent studies confirm our map that there are two major living lineages 
diverged from the ancestral amniote, namely, Synapsida and Reptilia, and 
with this split we see the evolutionary pathways of humans diverge from 
that of dinosaurs and birds. Synapsida includes humans and all other 
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trajectory. From that time onward our 
own evolutionary history was distinct 
from that of dinosaurs and birds. 
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mammals, plus a host of extinct species. Up until this time, our own lin- 
eage shared more than 3 billion years of common evolutionary history 
with birds and dinosaurs. But about 325 million years ago, the synapsid 
lineage diverged onto its own trajectory, and from that time onward our 
own evolutionary history was distinct from that of dinosaurs and birds. In 
the context of life's 4 billion years of history, we are not such distant rela- 
tives of dinosaurs after all. 

Synapsid history is documented in great detail by a dense fossil record and, 
because it is our own history, it has been intensively explored.!! Early synap- 
sids were largely predatory, like their ancestors, although there were some 
early herbivorous experiments. Synapsids eventually evolved sophisticated 
means of locomotion, some being able to run, gallop, leap, climb, and even 
fly. In the process, the principle movement of their vertebral column trans- 
formed from the primitive side-to-side sigmoidal motion of fishlike verte- 
brates to a more symmetrical up-and-down movement. With symmetrical 
spinal movement breathing cycles became coupled to running cycles, increas- 
ing the efficiency of high-speed locomotion, a feat carried to is greatest level 
in modern cheetahs. 

Mammals, the living synapsids, are warm-blooded and have huge 
brains, '? unlike all other vertebrates except birds. Richard Owen had used 
this resemblance as a basis for arguing that birds and mammals are close- 
ly allied. But more recent phylogenetic maps indicate that mammals are 
deeply internested in the hierarchy of synapsid genealogy, whereas birds 
and dinosaurs lie within the reptile division of the amniote hierarchy. 
Large brains and endothermy are points of resemblance between birds 
and mammals that evolved convergently within different hierarchies of 
amniote phylogeny. 


REPTILIAN PAST 


As we shall see, there is abundant evidence, from both fossils and from all 
anatomical systems in living species, that birds and dinosaurs belong on evo- 
lutionary paths of the reptile lineage. Also sharing common ancestry with the 
ancestral reptile are living turtles, lizards, and crocodylians, plus a vast diver- 
sity of extinct species.!? By studying living reptiles, we can reconstruct that the 
ancestral reptile probably had color vision and was strongly diurnal in its 
habits, because nearly all living reptiles are. Like our own synapsid lineage, the 
brain increased in relative size during the history of reptiles, although the 
expansion involved a different region of the brain. 

A pervasive theme in reptile history involves elaboration of the jaws and 
feeding system. The evidence for this lies in a series of new holes in the skull, 
known as fenestrae. The term fenestra (plural, fenestrae) means “window.” Skull 
fenestrae are simply openings between bones, and their evolution enabled a 
great expansion and strengthening of the jaw musculature. The first large 
fenestra appeared at the back of the skull and is known as the posttemporal 
fenestra. The first amniote already had a tiny posttemporal fenestra for the 
passage of a blood vessel. In Reptilia, this hole enlarged as the expanding 
jaw muscles invaded it. 
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There are a number of fenestrae, 
openings in the skull, in reptiles. 
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Two lineages with living members descended from the ancestral reptile. One 
includes turtles or Testudines. Turtles are highly distinctive in replacing teeth, 
which they lack entirely, with a horny beak, and in developing a bony shell. Mod- 
ern birds also have replaced teeth with a beak, and on this basis some early nat- 
uralists argued that turtles and birds are allied. But possession of a beak is vir- 
tually the only unique resemblance between birds and turtles, aside from the 
features that both inherited from the ancestral reptile. Both lineages have long 
fossil records that indicate an extensive hierarchy of separate relationships. 
Both primitive turtles and primitive birds like Archaeopteryx had teeth. When all 
of the fossils are mapped onto a phylogeny that includes modern species, we 
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can see that the loss of teeth is the result of convergent evolution, rather than 
descent from a common toothless ancestor. 

The sister group of Testudines is Sauria, which today includes lizards, snakes, 
crocodiles, birds, and a diversity of extinct Mesozoic species. Saurians further 
increase the size of their jaw muscles, adding additional fenestrae in the skull. 
On the side of the head behind the eyes are two openings, the supratemporal 
fenestra and the infratemporal fenestra. Saurians also have long slender limbs, 
making them more agile and faster than other reptiles. Because they also pos- 
sess these features, this is the pathway leading toward dinosaurs. 

Two saurian lineages have living species. These are Lepidosauria and 
Archosauria. Lepidosaurs include snakes and lizards, !4 which are distinguished 
by their extensive covering of overlapping scales. Living lizards can climb, swim, 
and even parachute from high branches. Most lizards are predatory. In captur- 
ing insects and small vertebrates, lizards have evolved a remarkable diversity of 
equipment. Some, like the chameleon, have protrusable tongues to grab pass- 
ing insects. Others like the Gila monster have a modified salivary gland that 
secretes highly toxic venom. In many snakes, the upper and lower jaws come 
apart at the front of the mouth, allowing them to swallow objects far larger than 
their head. Genealogically, snakes are simply lizards that have lost their limbs 
and elongated their bodies via the addition of many vertebrae to their back- 
bones. The most primitive living snakes—pythons and their immediate rela- 
tives—still possess remnants of hind legs that afford evidence of their evolu- 
tionary descent from running lizards. 

As we saw in Chapter 10, early nineteenth-century naturalists confused 
dinosaurs with lizards, and the confusion sometimes persists thanks to the 
popular misnomers “thunder lizards” and “terrible lizards.” While indeed 
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there are many resemblances, modern phylogenetic 
maps indicate these features to be inheritances from 
the common saurian ancestor, rather than evidence 
placing dinosaurs within the lizard lineage. Modern 
cladistics only reinforces Owen’s original insight that 
Dinosauria is a distinctive group. The ancestral 
species of Archosauria probably lived during the lat- 
est Permian, around 250 million years ago, a good 25 
million years before the oldest known dinosaur. 


ARCHOSAURS RULE 


Since Robert Broom’s work on Euparkeria, naturalists 
have agreed that birds, crocodylians, dinosaurs, 
pterosaurs, and a host of other extinct reptiles 
descended from the early archosaurs. Archosaurs had 
inherited long limbs and a skull with temporal fenes- 
tration from their more distant saurian ancestors. 
From the ancestral reptile they inherited a posttem- 
poral fenestra and color vision. The amniotic egg had 
been passed down from the ancestral amniote, and 
the distinctive organization of the hands and feet 
from the ancestral tetrapod. From the ancestral sar- 
copterygian, archosaurs inherited a highly stereo- 
typed limb organization, from the ancestral oste- 
ichthyan bony ribs and a bony shoulder girdle, from 
the ancestral gnathostome jaws and_ paired 
appendages, a vertebral column from the ancestral 
vertebrate, and so on and on, back to the first single- 
celled life form. 

Euparkeria is the closest thing we have to the actu- 
al ancestor of archosaurs. Modern phylogenetic maps 
now plot Euparkeria as the extinct sister lineage of 
Archosauria, together comprising the more inclusive 
lineage Archosauriformes. This lineage was distin- 
guished from other saurians by even more fenestra- 
tion of the skull. Two new openings were added. The 
antorbital fenestra lies in front of the eye along a 
greatly elongated snout, while the mandibular fenes- 
tra perforates the side of the jaw below and behind 
the eye. Both fenestrae may have housed enlarged 
jaw muscles, but the antorbital fenestra may have 
also housed a pneumatic expansion—an air sac— 
expanding from the nasal passage. 

The vertebral column and its primitive side-to- 
side sigmoidal undulation were modified in early 
archosaurs for a more symmetrical mode of locomo- 
tion, known as parasagittal gait. The vertebral column 
flexed in an up-and-down direction with the limbs 
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Basic archosaur skeletal anatomy, illustrated by Euparkeria. 
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held more vertically beneath the body. This transformation began in the 
ancestral archosaur, and its various descendant lineages carried the trend 
further to varying degrees. Early archosaurs could probably gallop at high 
speeds. Living crocodylians can do this while they are young, but they lose 
the ability as they mature. In addition to greater speed, these changes prob- 
ably enabled early archosaurs to range widely in search of food and mates. 

The evidence summarized so far does not indicate which particular path- 
way of descent from the ancestral archosaur was followed by birds. Is the 
road to birds via dinosaurs, or via some other archosaurian lineage? If the 
distinctive avian features like bipedality and flight cannot be arranged into 
the hierarchy of one of the known lineages, then the popular twentieth cen- 
tury thecodont hypothesis of avian origins could well be true. However, if 
birds can be mapped onto one of the known archosaur pathways, then this 
would prove the thecodont hypothesis wrong. 

One group of paleontologists, led by Alick Walker!” of the University of 
Newcastle-upon-Tyne and Larry Martin! of the University of Kansas, has 
maintained that birds and crocodylians are more closely related to each other 
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than to dinosaurs or pterosaurs. They invoke the theory of homoplasy, argu- 
ing that similarities birds share with dinosaurs and pterosaurs evolved con- 
vergently. The main lines of evidence they cite are similarities between the 
teeth in modern crocodylians and in primitive toothed birds like Archaeopteryx, 
and in the shared presence of pneumatic cavities around the braincase. 

If the teeth and braincase similarities offer valid evidence that birds 
evolved from crocodylians, then a complete phylogenetic map should show 
birds branching from within the hierarchy of crocodylian evolution. But when 
all the data from modern and extinct archosaurs is taken into account, this is 
not the case. A series of independent cladistic studies of different segments 
of the crocodylian lineage, including all modern species plus a long fossil 
record of extinct crocodylian relatives, was recently conducted by Jim Clark of 
George Washington University, Michael Benton!’ of the University of Bristol, 
Mark Norell!® of the American Museum of Natural History, Chris Brochu!? of 
the University of Texas, and several other paleontologists. Molecular data on 
modern species, plus information on the entire skeleton in modern and fossil 
species was used to generate a detailed series of hierarchical maps of croco- 
dylian relationships. None of these phylogenetic maps includes the evolu- 
tionary pathway for birds. While there are a few points of resemblance, when 
all available data are studied, the overwhelming conclusion is birds are not a 
part of the crocodylian hierarchy. 

Instead of evolving flight, crocodylian history saw the elaboration of cur- 
sorial, quadrupedal running styles in some descendant lineages, while others 
adopted an aquatic habitat to varying degrees. Modern crocodylians spend 
most of their lives swimming and feeding in the water. With this ecological 
shift, the antorbital fenestra was closed over as the skull became specialized 
so that only the eyes and nostrils would protrude above the water. Adult croc- 
odilians have short legs compared to the length of their bodies, and tail-dri- 
ven swimming has become their dominant mode of locomotion. As hatchlings 
and juveniles, crocodylians have relatively longer legs and can gallop. But as 
they age, the body and tail grow faster than the legs, and galloping and 
bipedality are sacrificed in favor of a powerful trunk and tail for swimming. 
Birds must lie within the hierarchy of some other archosaur lineage. 

Within archosaurs, the sister lineage to crocodylians is Ornithodira. Right 
from the start, ornithodirans began to experiment with bipedality.” This is 
reflected in the simplification of their ankle, which forms a simple hinge 
joint. In early archosaurs, the bones of the ankle interlocked and moved in a 
series of complex rotations as the body rotated past the foot, which sprawled 
outward. In early ornithodirans, the body moved over the foot, flexing the 
ankle in a simple hingelike motion. In addition, the hindlimbs are elongated 
and are now considerably longer than the forelimbs. The neck is also longer 
and has become slightly S-shaped, holding the head higher than the back- 
bone. It is through Orinthodira that the evolutionary path toward dinosaurs 
and birds can be found. 

From the ancestral ornithodiran we can trace two descendant lineages. 
One of these is Pterosauria, the flying archosaurs sometimes allied to birds 
by early naturalists. A tiny, Late Triassic ornithodiran named Scleromochlus is 
probably the most primitive known member of the pterosaur lineage.*! This 
fast-running terrestrial animal documents a preflight stage of its history. The 
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oldest flying pterosaur is Eudimorphodon from the Late Triassic of Italy. Its fore- 
limbs were transformed into wings, primarily through the elongation of the 
fourth finger, which supported a flap of skin that attached along the arm and 
to the side of the body. But the detail structure of the wings in pterosaurs and 
birds is very different. Pterosaurs went on to diversify throughout the Meso- 
zoic. The giant pterosaur Quetzalcoatlus is the largest flying creature known, 
with a wing span of about 40 feet (12 m). But as with crocodylians, nowhere 
within the hierarchy of Pterosauria can we place birds. Although points of 
similarity like wings can be found, the similarities diminish as we compare 
these structures in detail. Owen, Huxley, and virtually everyone since has 
agreed that, when all available information is taken into account, flight arose 
independently in birds and pterosaurs. 

The sister group of pterosaurs is known as Dinosauromorpha. As the name 
suggests, this is the evolutionary trail of dinosaurs.2? The Middle Triassic 
Lagosuchus bears a detailed resemblance to dinosaurs in the structure of its 
pelvis, very long, graceful hindlimbs, and shortened forelimbs. The structur- 
al disparity between the small hands and huge feet suggests that dinosauro- 
morphs moved almost entirely on their hindlimbs. The massive pelvis and 
sacrum carried more of the animal's weight than when it was evenly dis- 
tributed on all fours. The head of the femur is bent inward to fit into the hip 
socket, and there is a small crest of bone over the top of the hip socket, 
enabling the knees to be carried close against the body. The tibia, fibula, and 
metatarsal bones are elongated, and the structure of the feet indicates that 
the earliest dinosauromorphs stood and walked on the balls of their feet, not 
flat-footed like their ancestors. Only three toes touched the ground, and 
three-toed trackways dating back to the Triassic document the narrow gait of 
‘ dinosauromorphs. The feet struck the ground near the midline of the body. 
With their knees rotated in close to their flanks, and with the up-and-down 
flexure of their vertebral column, dinosauro- 
morphs had a swift, bounding mode of 
bipedal running. 


The primitive dinosauromorph, 
Lagosuchus, was a facultative biped, 
capable of bursts of speed on its 
hindlimbs. 
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Dinosauria presents a further elaboration of several of these trends. The 
hands of early dinosaurs were largely freed from their primitive role in loco- 
motion and took on other functions, becoming highly distinctive in the 
process. The thumb could bend inward to oppose the other fingers of the 
hand. This is similar, but not identical, to the situation in the human hand. 
In both cases, one end of the first metacarpal bone, a bone in the palm, is 
offset to permit the thumb to be pressed against the other fingers instead of 
just bending parallel to them. In humans the offset occurs at the base of the 
first metacarpal bone, where the first metacarpal fits against the wrist. In 
dinosaurs the offset occurs at the other end of the bone, where the thumb 
joins the palm. The primitive dinosaur thumb was less mobile than the 
human thumb, but their hands could nonetheless grasp objects, and among 
Mesozoic vertebrates this was a revolutionary innovation. 
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Diagnostic regions of the dinosaur 
skeleton are the pelvis, hip, and hand, 
illustrated here by Herrerasaurus. The 
hip modifications locked dinosaurs into 
a narrow gait. The hands could grasp, 
much as our own hands can. 


The bones of the human hand, as they 
relate to the skin of the palm. 
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The opposable thumb of humans (left) 
is formed by a joint at the base of 
metacarpal I, whereas in dinosaurs 

Homo sapiens Primitive dinosaur the offset bending occurs at the first 
knuckle of the thumb. 
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This twisting of a single bone might seem like a trifling evolutionary The hands of early dinosaurs (above) 
step, but it reflects a more complex underlying genetic change. Over much all show the characteristic offset of 
of vertebrate history, the front and hindlimbs were built on similar struc- the thumb. 


tural plans that present almost mirror images of each other. In most ver- 
tebrate lineages, evolutionary changes affected both front and hindlimbs 
together, not one to the exclusion of the other. The Giant Panda—a living 
mammal species—presents a famous example of this phenomenon. Pan- 
das feed exclusively on bamboo leaves, which they strip from the stalks 
with a unique bony strut that protrudes from one of the wrist bones near 
the base of the thumb. Remarkably, there is a similar, nonfunctioning bony 
protuberance on the corresponding bone of the ankle, near the base of the 
first toe. It is evident from this and similar examples that a genetic linkage 
exists between the fore- and hindlimbs. Only the bony strut in the wrist is 
functional, but the genetic linkage between the two limbs brought about a 
corresponding structural change in the ankle. In most tetrapods, this link- 
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age usually caused heritable, evolutionary changes in one limb to be man- 
ifested in the other. In the ancestral dinosaur, this linkage was broken. 
Unlike the foot, the dinosaurian hand is markedly asymmetrical. The outer 
two fingers each lost one phalanx and the remaining parts of the digits 
became almost vestigial structures. In contrast, the thumb, index, and 
middle fingers were robustly constructed, and the strength of the hand 
appears to have been focused there. 

With the hands and forelimbs no longer supporting the body, the 
hindlimb played a much greater role in locomotion. Evidence of this is 
found in the pelvis and sacrum of dinosaurs, which Richard Owen had found 
so distinctive. The ilium, the upper bone of the pelvis, was especially 
expanded and more massive. The ilium forms both the roof of the hip sock- 
et and part of the attachment to the vertebral column. The vertebrae of the 
sacrum, which lie between the right and left halves of the pelvis, are fused 
together in adult dinosaurs. In addition, the specialized ribs coming off of 
the sacral vertebrae are massively expanded to provide a stronger attach- 
ment to the ilium. Quite simply, the bigger pelvic frame indicates bigger 
pelvic musculature for a more powerful “motor” to move the legs. 

In addition, the hip socket, or acetabulum, provides evidence of a major 
reorientation in the posture and movement of the femur. In other tetrapods, 
the acetabulum forms a closed cup, and the femur presses into the socket 
which acts as the fulcrum for the hip. In dinosaurs, the hip socket has a hole in 
the middle, a condition referred to as a perforate acetabulum. Instead of 
extending out to the side and pressing straight into the socket, the dinosaur 
femur is oriented more vertically, its head bent inward almost at a right angle 
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These archosaur pelves show a 
primitive closed-socket acetabulum, 
compared with the perforated 
acetabulum (dark green) of dinosaurs. 
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and pressed against the top and back of the thickened acetabular rim. A robust 
supraacetabular buttress and antitrochanter projects over the perforated sock- 
et, to withstand the redirected forces of the inturned head of the femur, The 
shaft of the femur and the leg were held in a plane roughly parallel to the ver- 
tebral column, the parasagittal plane, and the knee was held close against the 
body. Bony bumps, or trochanters, on the femur expanded to provide stronger 
attachment points and greater leverage for the massive muscles originating on 
the enlarged pelvis. 

Birds share all of these features of the hindlimb. Richard Owen had 
described the perforated acetabulum in Archaeopteryx, as well as the other 
features. The hands of Archaeopteryx are very different from the hands of 
early dinosaurs, but even so there are marked similarities, like the offset in 
the thumb. Birds also display many of the features that distinguish 
Dinosauromorpha, Ornithodira, Archosauria, Sauria, Reptilia, and so on. 
Hence, there appears to be a hierarchy of similarities between birds and 
Mesozoic dinosaurs. 

The ancestral dinosaur was small compared to the “fearfully great” 
image conveyed in the name of the group. It probably weighed about the 
same as an adult human. The head was long and narrow, with a pointed 
snout. Its mouth extended literally from ear to ear, and its jaws were lined 
with sharp, serrated teeth that curved toward the back of the mouth. A deft 
predator, it could have hunted a wide range of prey items, from insects to 
animals larger than itself. It could potentially swallow items as large as its 
head, but this is no indication that it actually did so. The rare examples of 
stomach contents in early dinosaurs are of much smaller animals. 

It was habitually bipedal and able to run rapidly for considerable dis- 
tances in pursuit of agile, fast prey. The ancestral dinosaur had large eyes 
and large optic lobes in its brain for processing visual information. These 
provided a sophisticated sense of sight, including color perception, acute 
long-distance vision, and refined sensitivity to smallest movements. Its 
hearing was also well developed. Because the head was held high off the 
ground on a long, flexible neck, these sensory receptors could be very 
rapidly directed and redirected over wide fields to quickly locate and track 
potential prey. Sight and hearing were probably the principal sense 
organs, with a relatively less-developed sense of smell. 

The oldest unquestionable dinosaur fossils were collected in South 
America from Late Triassic rocks (approximately 230 million years old). 
Several different localities in Argentina and southern Brazil have produced 
several different species of early dinosaurs. Of these, only Herrerasaurus? 
has become reasonably well known and, owing largely to the incomplete- 
ness of the others, exact relationships among the basal species are not yet 
understood. In North America, rocks of nearly the same age, or perhaps 
only slightly younger age, have also yielded fragmentary bones of early 
dinosaurs. During the early 1980s we accompanied a group from Berkeley's 
Museum of Paleontology, who discovered Chindesaurus,4 a close relative of 
the South American dinosaurs while collecting in the Petrified Forest 
National Park. With this discovery, dinosaurs seemed to appear abruptly in 
the fossil record, already diversified into several species, and distributed 
to both hemispheres. 
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Each of these early dinosaurs has unique anatomical specializations 
that preclude it from direct ancestry to other dinosaurs. Because it must 
have taken some length of time for the specializations to evolve, and 
because dinosaurs have a global presence at their earliest appearance, it 
is likely that the species ancestral to all other dinosaurs lived a few million 
years earlier than the oldest known fossils, during the Middle or Early Tri- 
assic (between 235 and 245 million years ago). A few tantalizing bone frag- 
ments collected from Early Triassic rocks might represent something even 
closer to the ancestral dinosaur than the species named above, but more 
complete fossils are needed to tell whether these are truly dinosaurs. Even 
if unequivocal evidence is eventually traced as far back as the Early Trias- 
sic, Dinosauria, the icon for ancientness in our culture, originated only 
after 90 percent of the history of life had already passed. 

Determining where the ancestral dinosaur species lived is even more dif- 
ficult to narrow down than when it lived. Throughout the Triassic Period, 
today’s continents were welded together into a continuous land mass 
known as Pangaea. Unlike today, back then there was little or no land posi- 
tioned at either the north or south rotational poles, there were no polar ice 
caps, and the continental masses that had collided to form Pangaea were 
positioned closer to the equator. As a result, the Triassic climate was on 
average probably warmer and seasonal temperature fluctuations less 
extreme than today. Without either oceanic or climatic barriers, dinosaurs 
dispersed throughout Pangaea. Owing both to their mobility and to the 
evidence of an even earlier, undiscovered history for the lineage, the fact 
that the oldest known dinosaur fossils come from South American doesn’t 
necessarily mean that Dinosauria originated on that continent. The ances- 
tral species might have lived anywhere on Pangaea during the first half of 
the Triassic. 


A SINGLE HIERARCHY 


There are many differences between this picture of the ancestral dinosaur 
and modern birds, but because the two are separated by more than 200 
million years we should expect some profound differences. More signifi- 
cantly, there are numerous unique and detailed similarities between birds 
and early dinosaurs. Moreover, these similarities lie in an internested hier- 
archy of novel resemblances that link dinosaurs back in time via the ances- 
tral archosaur to the ancestral amniote, to the ancestral tetrapod, the 
ancestral vertebrate, and ultimately to the ancestral cell. It is also true that 
points of similarity seem to link birds with other groups. But when data 
from the entire skeleton are examined, when fossils and modern species 
are examined collectively, and when the map of vertebrate phylogeny is 
considered as a whole, there is only one hierarchy into which birds fit. So, 
genealogy, not homoplasy, appears to offer the most powerful explanation 
of the similarities between birds and dinosaurs. 

Does this necessarily mean that birds are dinosaurian descendants? 
The scientific world view that we encountered at Berkeley is to obsessive- 
ly test conclusions. Rather than accept the easy answer, we should test the 
dinosaur-bird hypothesis further, by mapping the hierarchy of dinosaur 
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evolution. If birds are really the living descendants of Mesozoic dinosaurs, 
we should be able to map a distinctive trail of hierarchical clues through 
Mesozoic fossils. In the next chapter, we will see if birds can be plotted 
onto a specific part of the map of dinosaur phylogeny. 
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only the confusing mosaic of resemblances expected of convergent or homo- 
plastic evolution. 

Another challenge of a sort comes from Late Triassic rocks in Texas, where 
a small animal named Protoavis—meaning the primordial bird—was unearthed 
by a researcher in Lubbock. Protoavis is said to be a long lost ancestor of birds 
that links their pathway of evolution to dinosaurs, but not via Archaeopteryx, nor 
through dinosaurs like Huxley's Compsognathus or Ostrom’s Deinonychus. The dis- 
covery of Protoavis resurrected the theory of homoplasy, but with a different 
twist. Birds may be descended from dinosaurs after all, but not from any of the 
usual suspects. 

Once again we meet with allegations that can’t all be true, so how can we 
choose between them? If birds have rightfully inherited the “family” name 
Dinosauria, they will all lie along a single branch in the hierarchy of dinosaur 
relationships. If not, we will find only conflicting points of similarity, ran- 
domly adorning different evolutionary pathways. We can test these alterna- 
tives by following an evolutionary map for dinosaurs, starting with the ances- 
tral dinosaur species, and tracing all its descendant lineages to their natural 
ends. All we need is a map. 

At about the time we arrived at Berkeley as new graduate students, Kevin 
Padian arrived as a new assistant professor of paleontology. Padian had 
studied pterosaur evolution at Yale under John Ostrom’s supervision, during 
the height of the battle over Deinonychus. And Padian brought the excitement 
of bird origins to Berkeley, where he served as dissertation supervisor for 
Jacques Gauthier, as well as for one of us. Gauthier’s dissertation included a 
cladistic analysis of the relationships among dinosaurs, using the methods 
described in an earlier chapter.! When he published this work in 1986 it cre- 
ated a new round of controversy on bird origins because it was the first 
attempt at a strictly hierarchical map of dinosaur genealogy, and it support- 
ed a dinosaurian ancestry for birds. 

A decade later, Gauthier carried the debate back to Yale University, filling the 
professorship vacated by John Ostrom’s retirement. To read the newspapers, 
you might think that that decade, which saw dozens of new fossil discoveries 
and refinements in mapping technique, only stoked the flames of controversy 
over dinosaur relationships. Some paleontologists challenge Gauthier's work, 

_pointing to the persistence of controversy as an indication that cladistics sim- 
ply doesn’t work, and journalists are quick to publish these allegations. But 
others argue that today’s cladistic map of dinosaur relationships is basically 
accurate and in need only of minor polishing. 

So, while no one today doubts that areas on the map of dinosaur geneal- 
ogy are controversial and in need of further work, are these just refinements 
of a fundamentally sound cladistic structure, or should we dump the last 
decade of work and start over? 


MAPPING DINOSAUR HISTORY 


By the end of the nineteenth century, there was general agreement that the 
dinosaurs known to Richard Owen all belonged to two grand sister lineages 
known as Ornithischia, the bird-hipped dinosaurs, and Saurischia, the lizard- 
hipped dinosaurs.? As we will see, both names are more fanciful than accu- 
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rately descriptive of the lineages they represent. Nevertheless, Gauthier’s 
cladistic analyses and all subsequent analyses confirm this basic division of 
dinosaurs, and even modern critics of the bird-dinosaur hypothesis agree. 
Omithischians and saurischians are both recognized as dinosaurs because 
they have a thumb that can grasp, along with the fully perforated acetabulum 
and sharply in-turned femoral head indicative of upright, parasagittal gait. All 
dinosaurs discovered subsequently are members of one or the other of these 
two distinctive sister lineages. 

Despite the unanimity on these two major features of dinosaur history, 
there are some controversial points near the beginning of the dinosaur map. 
In particular, the position of Herrerasaurus, whom we met in the last chapter, is 
a little uncertain. Recent analyses disagree on whether Herrerasaurus is the first 
cousin of Dinosauria, a basal member of Saurischia, or a member of one of 
the lineages within Saurischia. If the former position holds true, Herrerasaurus 
would be a member of the larger group Dinosauromorpha, but it would not 
be a proper dinosaur, because it did not share the common ancestor unique 
to ornithischians and saurischians. But the position of this one species has 
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Phylogenetic map or cladogram showing 
the relationships of the major lineages of 
dinosaurs (dark green). (Extinct lineages 
are indicated by crosses.) 
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little bearing on the distinctiveness of Ornithischia and Saurischia, each of Ornithischian dinosaurs have a 
which has its own unique features. The question now is whether one of these distinctive pelvis (green) in which the 
two great dinosaurian sister lineages gave rise to birds. front bone, known as the pubis (dark 


green) is turned backward, making room 
for the long digestive tract that it takes to 
digest a diet of bulk vegetation. (Extinct 
lineages are indicated by crosses.) 


With such a suggestive name, Ornithischia might seem the place to start 
in seraching for avian ancestry. The name “ornithischian” refers to a birdlike 
ischium—a bone of the pelvis. However, it is a different pelvic bone, the 
pubis, not the ischium, that is birdlike in being back-turned. Despite the mis- 
nomer, we can still ask whether the pubis is a mere point of resemblance 
or if it marks a longer trail to birds. The oldest ornithischians are from Late 
Triassic deposits in Argentina, and they are known from slightly younger 
deposits in North America and South Africa. Early ornithischians? were sim- 
ilar to other early dinosaurs in being small bipeds, but several unique fea- 
tures mark their lineage, which mostly reflect a shift in diet. Ornithischian 
teeth and jaws were designed for tearing and grinding plants, and the ribs 
and pelvis housed an enlarged digestive tract. A new bone, the predentary, 
forms the front of the ornithischian lower jaw. In all but the oldest ornithis- 
chians, the frontmost teeth are gone and a horny beak rims the front of the 
mouth. In all but one of the very earliest ornithisichians, the teeth are set in 
from the margins of the mouth, where they were probably covered by fleshy 
cheeks that assisted chewing. 


_ THE EVOLUTIONARY MAP FOR DINOSAURS 


Cerapoda 


eae 
Lesothosaurus Genasauria 


` predentary bone f 
i w Ornithischia 


Abdominal expansion is indicated by the characteristic modifications of 
the pubis. In most other reptiles the pubis points down and forward, but in 
ornithischians it is rotated backward, making room for a longer intestinal 
track to digest the relatively insoluble cellulose of plant cells. One last mod- 
ification is a network of ossified tendons along the backbone. Normally, ten- 
dons are strong, flexible, ropelike fibers that attach the fleshy body of a mus- 
cle to a bone. In ornithischians, bone formed within some of the tendons 
along the back, forming a mesh that permitted some up-and-down flexing 
and extension of the vertebral column, but it prevented any adverse rotation. 
Perhaps this increased rigidity of the vertebral column offered a sturdier 
framework from which to suspend their enlarged gut. 

Ornithischia is a diverse lineage and within it are several different evolu- 
tionary paths. The ornithischian lineage with the longest fossil record is 
Ornithopoda. This name means birdlike foot, in reference to the three-toed 
omithopod foot. The lineage was so christened by Yale’s preeminent 
dinosaur specialist of the nineteenth century, O. C. Marsh, at a time in 
which only a small number of dinosaur fossils were known. More recent 
discoveries indicate that virtually all early dinosauromorphs left three- 
toed tracks, so the namesake feature that caught Marsh’s attention 
is more widely spread than he knew when he coined 
the name. 


The oldest ornithischians were 
all relatively small. Shown here is 
the Early Jurassic Lesothosaurus, 
compared to a modern 6-foot-tall 
human for scale. 


The predentary bone (dark green), 

a unique feature of ornithischians, 
contributed to their ability to crop and 
strip vegetation. The predentary bone 
is present in all known members of 
the lineage. 
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Ornithopod history has been mapped in detail by David Weishampel of 
Johns Hopkins University, David Norman of the University of Cambridge, John 
Horner of Montana State University, Paul Sereno of the University of Chicago, 
and their colleagues. Ornithopods probably existed in greater numbers and 
are more abundantly fossilized than any other dinosaur. By their first appear- 
ance in the Early Jurassic, ornithopods had already dispersed around the 
world. Early members were small, about 3 to 6 feet in length. They were dis- 
tinguished by unique dental modifications which, in some of the more derived 
members of the lineage, produced a great increase in the grinding capability of 
the teeth. This was accomplished by increasing the numbers of teeth and the 
rate at which they were replaced throughout life. Some later ornithopods had 
as many as 1,000 teeth in the mouth. There was also an evolutionary increase 
in body size. Some of the Cretaceous forms reached nearly 40 feet in length, 
and adults weighed several tons. Richard Owen’s Iguanodon, which lived during 
the Early Cretaceous, is one of the more derived, large-bodied ornithopods. 
The name for Dinosauria might have been very different had Owen first stud- 
ied the comparatively tiny Early Jurassic ornithopods. Apart from the resem- 
blances found in dinosaurs ancestrally plus the back-turned pubis, birds and 
ornithopods bear no special similarities. Recent mapping efforts have found 
only points of resemblance between the two, and the giant ornithopods only 
become more different from birds with time. Despite their enticing name, 
ornithopod dinosaurs are not the ancestors of birds, and available evidence 
indicates that the lineage became extinct in the terminal Cretaceous event. 

The sister lineage of Ornithopoda is Marginocephalia, the “margin-headed” 
omithischians, who had weird skull modifications that make them highly dis- 
tinctive.” Various segments of their history have been mapped by Paul Sereno, 


Phylogenetic map showing the 
relationships among representative 
ornithopods (dark green). (All the 
lineages depicted here are extinct.) 
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Peter Dodson of the University of Pennsylvania, Catherine Forster of Cornell 
University, Tom Lehman of Texas Tech University, and a host of associates. 
The two major lineages of marginocephalians are Ceratopsia and Pachy- 
cephalosauria. Some authors derive the latter directly from ornithopods, but 
this point of disagreement doesn’t affect our search for the ancestry of birds. 
Pachycephalosaurs, the “thick-headed” ornithischians evolved high domes of 
thickened bones over the top of the brain. The name is not particualry descrip- 
tive of early flat-headed forms, but it is apt for later members of the lineage. 
So extreme is their head thickening that, when pachycephalosaurs were first 
discovered, paleontologists thought them to be pathological. Others consid- 
ered them to be dinosaur “knee-caps.” As more complete specimens were 
recovered, it was clear that these bony domes were parts of the skull, and 
mechanical analyses suggest that pachycephalosaurs used their heads as bat- 
tering rams. Comparable head-butting and flank-butting behavior occurs in 
modern musk ox, mountain sheep, and goats, usually in battles with members 
of their own species over territory and mates. 

The other marginocephalian lineage is Ceratopsia—the horned ornithis- 
chians. When first discovered in the nineteenth century, the only known skulls 
possessed horns. Since then, there have been numerous ceratopsian species 
discovered that lack horns and are primitive in other respects, so this is anoth- 
er name that is misleading. One distinctive feature of the lineage is the rostral 
bone, a unique structure that forms the upper part of the beak above the pre- 
dentary bone. Even the primitive hornless ceratopsians have a rostral bone, 
indicating that the acquisition of a powerful beak preceded the evolution of 


Phylogenetic map showing the 
relationships among representative 
marginocephalians (dark green). (All 
the lineages depicted here are extinct.) 
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in having a rostral bone (dark green), 
which created a sharp beak. Later in 
ceratopsian history the frill arose, and still 
later horns appeared. All three of these 
animals are ceratopsians, but the name 
of the lineage is accurately descriptive 
of only one. 
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frills and horns. Early ceratopsians were relatively small, like the early 
ornithopods and pachycephalosaurs. When running at high speeds they were 
bipedal, but at lower speeds they probably moved on all fours. Later cer- 
atopsians were rhino-sized animals that reverted habitually to quadrupedal 
locomotion. With increased size, the shelf at the back of the head also 
expanded into a fan-shaped sheet of bone protruding up and backwards from 
the head, reaching more than 4 feet long in some species. Variable patterns 
of horns and projections from the cheek region appeared, and the edges of 
the frill became elaborately ornamented in some species as well. Margin- 
ocephalian history led to a terrific diversity of form, but most of this was in a 
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different direction from the evolutionary pathway 
taken by birds. Marginocephalians survived until the 
very end of the Cretaceous, but all available evidence 
indicates that they were extinct when the Tertiary 
dawned. 

The third major lineage of ornithischian dinosaurs 
is Thyreophora, whose name means “shield-bearers” 
in reference to their body armor. There are several 
thyreophoran lineages,’ the most distinctive of 
which are the ankylosaurs and stegosaurs, 
whose histories have been studied by 
Peter Galton of the University of Bridge- 


port and Walter Coombs of Western SSD 


New England College, Teresa Maryanska 
of the Polish Academy of Sciences, and others. The 
thyreophoran fossil record extends back to the Early 
Jurassic, where its early members were small, like 
other early dinosaurs. They possessed an armor shield 
of bony scutes which floated in the skin along the 
back and sides of the body. Descendant lineages like 
the ankylosaurs became fully armored and were 
completely covered with a patchwork of bony scutes. 
Ankylosaurs were most common in the Late Jurassic 
and Early Cretaceous, and they were squat, 
lumbering quadrupeds that approached 
2 tons in weight. Stegosaurs, the plated 
dinosaurs, have a distinctive paired row 
of platelike scutes along either side of the 
backbone, from the head to the tip of the tail. 
In some cases, an additional row or two of smaller 
scutes lies on either side of these, and tail scutes 
may form spikes of varying lengths. Despite the diver- 
sity, nowhere in the thyreophoran lineage is there 
evidence of a close relationship to birds. The last 
thyreophorans died out in the terminal Cretaceous 
event along with the other surviving members of the 
ornithischian lineage. 

So, although ornithischians inherited from the 
ancestral dinosaur a number of unique simi- 


larities with birds, beyond these we find we oe 


PASTRIES 


only points of resemblance, like the back- 
turned pubis, that might link them to birds. 
Moreover, there is no evidence to suggest that 
birds ever possessed a predentary bone or ossified 
tendons, nor do any known features place birds within 
the hierarchies of Ornithopoda, Thyreophora, or Mar- 
ginocephalia. If birds descended from the ancestral 
dinosaur, it was not via the ornithischian branch of the 
family tree. Ornithischia became extinct in the terminal 
Cretaceous event. 
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All thyreophorans had body armor in the form of scutes 
(dark green) that floated in the skin. Each of several descendant 
lineages had its own distinctive scute pattern. 
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If Thomas Huxley was right that the evolutionary road to birds runs through 
dinosaurs, then it must lead into saurischian, rather than ornithischian 
dinosaurs. This became one of the central questions that Jacques Gauthier 
asked in his cladistic dinosaur-mapping expedition. Does Saurischia, as com- 
monly constituted by twentieth-century paleontologists, include all descen- 
dants of the ancestral saurischian? In other words, are birds the descendants 
of saurischian dinosaurs and if so, which saurischians are the closest relatives 
of birds? 

One distinctive feature shared by all members of the saurischian lin- 
eage is a very long neck in which each vertebra is elongated, and in some 
cases additional vertebrae are added to the neck from the rib cage. The 
ribs on the neck vertebrae are also lengthened, each extending backward 
along several vertebrae. This combination of long vertebrae and long over- 
lapping cervical ribs enabled the neck to move smoothly and function as 
an integrated unit. Saurischians also have a distinctive hand. The second 
or index finger is the longest, instead of the third finger as was the case in 


THE EVOLUTIONARY MAP FOR DINOSAURS 


Herrerasaurust Orntihischial Sau ropodomorphat Theropoda 


Saurischia 


Dinosauria 


ancestral dinosaurs, and the thumb was equipped with a large, recurved 
claw. While the long neck is obviously birdlike, a powerful grasping hand 
seems unexpected in the ancestor of a delicate bird. But the hand in the 
early saurischians resembles birds in its axis of symmetry—the second fin- 
ger is the longest, with shorter digits arrayed on either side. In most other 
reptiles the axis of hand symmetry runs through either the third or fourth 
finger. 

The earliest saurischian fossils come from Late Triassic deposits of Africa, 
South America, Europe, and North America. The largest Triassic saurischians 
were about 15 feet in length and weighed perhaps 200 pounds, but most were 
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much smaller. Like other early dinosaurs, all Triassic saurischians were 
bipedal. Two different saurischian lineages, Sauropodomorpha and Theropo- 
da, have been mapped and virtually all saurischians belong to one or the 
other. These too have unfortunate names if we look at their strict translations. 
The sauropodomorphs would have “lizard-like” feet and theropods would 
have “mammal-like” feet, if their names were accurately descriptive, but nei- 
ther name is. 

Over most of their history, sauropodomorphs were herbivorous.’ Their 
teeth were blunt and spatula-shaped, few in number, and unable to chew 
vegetation. Instead, they cropped and stripped foliage from stems, which 
was swallowed for processing in a muscular gizzard whose presence is 
indicated by clusters of large smooth stones found in the ribcages of well- 
preserved specimens. An overwhelming theme in sauropodomorph histo- 
ry is size. During the Jurassic, they became the largest land animals ever, 
reverting to quadrupedality, and evolving unbelievably long necks and 
tails in the process. One of the most distinctive features of all 
sauropodomorphs is that they have tiny heads in comparison to other 
dinosaurs. In later, more derived members of the group, the head seems 
ridiculously small compared to the immense body. Giants like Supersaurus 
may have reached 130 feet (40 m) in length. A single neck vertebra of Ultra- 
saurus is over 3 feet long,!? and there were perhaps as many as 17 individ- 
ual vertebrae in the neck, though not all vertebrae were equally long. The 
limbs were columnar and elephantine in proportion, to support a bulk 
estimated in the very largest species to approach 100 tons. This is nearly 
10 times the weight of an adult male African elephant. Despite the name 
of this lineage, in most of its members the bones of the toes and feet were 
reduced to stubs, and it must have seemed that their bodies were set upon 
four great posts instead of arms and legs. What could be less birdlike? Sev- 
eral species survived in the southernmost parts of North America and in 
South America until the end of the Cretaceous, but none crossed the K-T 
boundary alive. 


THEROPODS 


This leaves us with one last dinosaur lineage—Theropoda. Most of the 
unique features of basal theropods are associated with a predatory 
lifestyle, and they further enhanced an inherited body plan already well 
equipped for this task. Added to the ancestral armament of sharp teeth 
and claws, theropods had a kinetic or flexible lower jaw, in which a mobile 
joint between the bones of the lower jaw enabled it to bend downward and 
outward. Some paleontologists argue that this was for swallowing prey 
items larger than their own heads, while others contend that it was a 
buffer of flexibility in dealing with struggling prey, preventing the slender 
jaw bones from snapping. Also distinctive is the attachment of the head to 
the neck, in which a large, ball-shaped occipital condyle at the back of the 
skull fits into a deep socket formed by the first two neck vertebrae. This 
bony joint supported wide motion of the head, with a stable, strong con- 
nection to the neck. Placing the eyes, ears, and nose in a skull that can be 
rapidly directed from right to left, up or down, amplifies the ability to 
extract precise spatial information from light, sound, and smell. The long, 


Theropods are distinctive in having a 
joint between the head and neck that 
gives the head great mobility. 


THE EVOLUTIONARY MAP FOR DINOSAURS 


Ornithomimosauridae t 


J 


Allosaurus t Maniraptora 


Coelurosauria 


Tetanurae 


Phylogenetic 
Theropoda map showing the 
relationships among 
representative theropod 
dinosaurs (dark green). (Extinct 
lineages are indicated by crosses.) 


Coelophysoideat 
Ceratosauria t 


Sauropodomorpha t Saurischia 


mobile neck inherited from saurischian ancestors amplified head mobility 
even further. 

Early theropods also have hands designed for snagging and raking flesh.!! 
The second and third fingers were elongated, and the mobile thumb worked 
with them in concert. Each of the three grasping fingers was tipped by a 
strongly curved raptorial claw equipped at its base with a large tubercle that 
increased the leverage of the muscles in the forearm as they closed the fin- 
gers around an object. The fourth finger was reduced and the fifth finger was 
lost altogether in all adult theropods but Eoraptor.!? Throughout their histo- 
ry, theropods have been obligate bipeds, with a pelvis and hindlimb modified 
to withstand the entire burden of swift, forceful running. Although the ances- 
tral dinosaur was probably an habitual biped, theropods carry this trend to a 
far greater degree than other dinosaurs. Additional vertebrae are incorporat- 
ed into the sacrum for a stout attachment between the backbone and pelvis, 
and the pelvis itself was enlarged to support greater thigh muscles. This also 
happens in some of the giant sauropodomorphs and ornithischians, but even 
small theropods have a stronger pelvis. In the foot, the first or “big” toe 
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became reduced and separated from the bones forming the ankle joint. On 
the outside of the foot, the fifth digit is reduced to a vestigial, nonfunctional 
splint of bone. 

Many of these characters are birdlike. For example, all birds have a highly 
mobile joint between the head and a long neck, and many have jaws with 
kinetic joints. Even small birds have a massive pelvis and sacrum. Unlike 
early theropods, in the foot of adult birds, the fifth toe is entirely absent. 
However, all five digits are present in bird embryos, and all five lie in contact 
with the developing ankle joint. As development proceeds, the first digit 
breaks away from the ankle and slides down the side of the foot, before twist- 
ing around the back. As this happens, digit V is gradually lost and adult birds 
wind up with only four toes. The development or ontogeny of bird embryos 
recapitulates an ancient evolutionary pattern. As we will describe in a later 
chapter, nowhere else among reptiles do these two patterns of ontogeny and 
phylogeny in the bones of the foot coincide in precisely this way. 

A last distinctive theropod character is the one discovered by John Hunter 
in his brutal experiment on the arm of a bird. Theropod bones are thin- 
walled, tubular, hollow structures. Like the frame of a bicycle, the tubular 
construction provides both lightness and a high bending strength to with- 
stand the high levels of force generated in fast locomotion. Hunter discov- 
ered that the avian skeleton is hollow and Owen cited the hollow skeleton of 
Archaeopteryx as evidence that it is a bird.!? Paleontologists commonly claim 
that the hollow skeleton evolved as an adaptation to lighten the skeleton for 
flight. However, all theropods have hollow bones, even Tyrannosaurus rex, but 
no one believes they could fly. The hollow skeleton obviously serves the func- 
tion of flight, but it would be nearly 100 million years before descendant 
theropods recruited the tubular skeleton for this new mode of locomotion. 

Critics of a bird-theropod connection correctly point out that pterosaurs 
and some small mammals also have hollow skeletons, and that a tubular 
skeleton must have evolved convergently several times.!4 They argue that 
convergent features offer no insight into the relationship between birds and 
theropods. As we have already seen, this similarity between birds, pterosaurs, 
and mammals constitutes a mere point of resemblance rather than a map- 
pable hierarchy that includes birds. However, in the case of theropods, there 
are many additional special similarities to birds. By following the trail of 
anatomical clues, we can test whether hollow bones offer evidence of com- 
mon ancestry for birds and theropods, as we trace the map of theropod 
genealogy to its natural conclusion. 

The fossil record of theropods is not very good, probably because their 
hollow skeletons rarely withstood the dynamics of sedimentation and burial. 
Most known theropod skeletons are incompletely preserved, and gaps span- 
ning tens of millions of years still punctuate our knowledge of theropod 
history. This is the same general problem that faced Darwin and Huxley, 
although in their time the gaps were more on the scale of 100 million year 
intervals. So, while many problems in our map of theropod history remain, 
today’s resolution is far better than it was a century ago. 

By the Late Triassic, two theropod lineages had arisen, namely Cer- 
atosauria and Tetanurae. Ceratosaurs, which were first mapped and named 
by Gauthier,!? are the best-known Triassic and Early Jurassic theropods, hav- 
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ing a global distribution at their earliest appearance 
in the fossil record.!© Possibly the richest dinosaur 
locality ever discovered is the Coelophysis bone bed at 
Ghost Ranch, New Mexico. There, dozens, perhaps 
even hundreds, of Coelophysis individuals, including 
juveniles and adults, were buried together en mass in 
a Triassic grave.'” The Late Jurassic Ceratosaurus nasi- 
cornis is the last-known member of the lineage in 
North America, but more recent discoveries in South 
America, Madagascar, and India may indicate that 
Ceratosauria had a Gondwanan distribution in the 
Cretaceous. 

Currently, there are only about a dozen or so 
species of ceratosaurs, but they document a 170 mil- 
lion year history, from the Triassic into the Late Cre- 
taceous, so our record of this lineage is highly incom- 
plete. In several skeletal features, a few of the smaller 
ceratosaurs show additional similarities to birds, 
including fusions between bones in the feet and fur- 
ther strengthening of the pelvis and sacrum. But there 
are other theropods that share even greater degrees 
of resemblance to birds, and the available evidence 
indicates that ceratosaurs disappeared from the 
northern hemisphere before the Cretaceous began, 
and from the southern hemisphere at its end. 


STIFF-TAILED TETANURINES 


The trail of clues to avian ancestry leads into the teta- 
nurine, or stiff-tailed theropods, that make up the sis- 
ter lineage to ceratosaurs.'® There is much yet to be 
discovered about their early history, which probably 
extended into the Triassic, judging from the antiquity 
of their sister lineage. But the oldest informative 
tetanurine fossils currently known are from the Late 
Jurassic, almost 100 million years after the lineage 
most likely originated. Tetanurines are more birdlike 
than other theropods in virtually all parts of their 
skeleton. Breathtaking new specimens from China 
may even offer evidence linking the origin of feathers, 
or at least “protofeathers,” to an early evolutionary 
stage in tetanurine history. 

The tetanurine snout was more delicately built than 
in other theropods. The teeth, if present at all, lie 
entirely in front of the eye. Over much of their history, 
there was a gradual loss from the back of the jaws to 
the front, and several lineages evidently lost their teeth 
independently. The tetanurine forelimb took on a strik- 
ing of resemblance to birds. The wishbone or furcula 
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The Coelophysis quarry at Ghost Ranch, New Mexico, when it 
was reopened in 1981, forty years after it had been worked by 
Edwin Colbert of the American Museum of Natural History. The 
large white plaster-jacketed block at the left end of the quarry 
contained dozens of skeletons. 
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appeared early in the history of this lineage, along with more powerful arms 
and hands. The wishbone occurs today only in birds, prompting some biolo- 
gists to argue that it is an adaptation for flight. But many nonflying Mesozoic 
tetanurine dinosaurs have a wishbone, so it would appear that the furcula was 
only secondarily co-opted into taking a role in flight. The wishbone extends 
between the two shoulder joints and the breastbone or sternum, and when the 
wishbone appeared, the sternum became a rigid, bony structure to anchor 
large pectoral muscles. The arms and hands were also longer, the hand now 
consisting of only three adult fingers. Together, these changes enormously 
enhanced the reach and power of the forelimb. 
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In tetanurine dinosaurs, the teeth 

lie entirely in front of the orbit 

(dark green), which held the eyeball. 
This began a trend in which the tooth 
row was successively shortened, 

from back to front, as the teeth 

were reduced in size. 


The collar bones, or clavicles, became 
fused together in tetanurines, forming 
the wishbone, or furcula. Although often 
thought to be linked to flight, the furcula 
is present in dinosaurs like Allosaurus 
and other extinct tetanurines, which no 
one believes could fly. 
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More subtle resemblances to birds are found in this lineage as well. For 
example, in the ankle, a tall sheet of bone laps up onto the front of the tibia 
or shin bone. This ascending process is an easy feature to spot on the drum- 
stick of a young bird, and you can generally find it on the legs of chickens or 
turkeys that you eat, right about where you hold the drumstick when taking a 
bite out of it. In more mature birds, the ascending process usually becomes 
fused indistinguishably to the tibia, and this may function to solidify the 
bones above the ankle joint. Only birds and extinct tetanurine dinosaurs pos- 
sess this ascending process, whatever its function. 

Lastly, the entire rear half of the tetanurine tail has become stiffened, in a 
highly distinctive fashion that earned the line its name. Tails are not often 
completely preserved in Mesozoic theropods. But when they are, the rear is 
stiffened, forming a ramrod-straight structure, with a mobile base. Even in 
postmortem rigor mortis, where the neck becomes arched backwards by the 
stiffening muscles, the end of the tail is straight. The death postures of the 
exquisite Solnhofen limestone specimens of Compsognathus and Archaeopteryx 
show that the tail was rigid. The stiff tetanurine tail probably served to 
enhance dynamic stabilization during fast locomotion. 

Owen's Megalosaurus and Huxley's Compsognathus are among the basal mem- 
bers of Tetanurae, and for many years not a whole lot more was known of the 
early history of the line. But spectacular recent discoveries are rapidly filling 
out our knowledge of this history and they indicate an unsuspected diversifi- 
cation of tetanurines in the Jurassic and Cretaceous. From 1986 to 1990, Philip 
Curry of the Tyrell Museum, Drumheller directed a joint Sino-Canadian expe- 
dition into the People’s Republic of China whose specific focus was the 
dinosaur faunas of central Asia. These were extremely successful expeditions 
and they recovered several new theropods from Jurassic and Cretaceous rocks. 
Among these were Monolophosaurus, a large crested theropod from the Middle 
Jurassic of Xinjiang, China, and Sinraptor, which are both probably allied to 
Allosaurus or to Owen's Megalosaurus.!?:2° 


Tetanurine dinosaurs are distinctive in 
having a sheet of bone extending from 
the ankle joint upward over the shin 
bone. This sheet is known as the 
ascending process, and it is still visible 
in the drumstick of young birds as a 
sheet of cartilage. 
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In 1995, Rudolfo Coria and Leonardo Saigado announced the discovery of 
a gigantic theropod exceeding even the size of Tyrannosaurus rex, exceeding 
40 feet in length and approaching 8 tons. Giganotosaurus was found in Late 
Cretaceous sediments, but its skeletal structure indicates that it was part of 
a lineage that had diverged from the others very early in tetanurine history.”! 
In 1996, Paul Sereno of the University of Chicago and a group of his associ- 
ates announced the discovery of excellent new specimens of Afrovenator and 
Charcharodontosaurus.2? Charcharodontosaurus also rivaled Tyrannosaurus in size. 
This third giant theropod was mapped along with Allosaurus, Curry’s Sinraptor, 
and Giganotosaurus, into a lineage christened Allosauroidea. These are excit- 
ing discoveries of an unsuspected diversity of Mesozoic theropods, but 
everyone agrees that the new discoveries represent extinct side branches of 
tetanurines, not the ancestors of birds. 

A breaking discovery at the time of this writing, from Early Cretaceous 
rocks in the Liaonang province of northeastern China, may provide evidence 
of the first feathers in what is unequivocally a nonflying, basal tetanurine 
dinosaur. Like the Solnhofen deposits, the beds that yielded this specimen 
have turned up a bonanza of fossils with some soft tissues preserved. One 
specimen being displayed in the media has a fringe of featherlike structures 
along its back bone. Could these be protofeathers? The bird-dinosaur 
hypothesis predicts that structures intermediate between scales and feath- 
ers might be found in a nonflying theropod. As with the discovery of 
Archaeopteryx, the pace of publicity has outstripped the pace of scientific eval- 
a er ices, we can follow the trail of anatomical clues into In coelurgaginisny thera aay aa 

Í bone of the foot, metatarsal IIl (dark 
Coelurosauria,2? a lineage distinguished by some rather subtle characteris- green), is pinched between the others, 
tics. For example, in the foot, the middle bone becomes pinched, as all three as the foot bones were more tightly 
of the metatarsal bones are more tightly packed to produce a stronger foot. packed together to make a stronger foot. 
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Descendants of the ancestral coelurosaur form a cluster of evolutionary paths 
that lead to tyrannosaurids, ornithomimosaurs, oviraptorids, maniraptorans, 
therizinosauroids, and several others. Here again the exact relationships are a 
little unclear, largely because we have not had time to digest and map abun- 
dant new information. But there has been time for researchers to appreciate 
that each line has features that distinguish them from other tetanurines like 
Allosaurus. 

The first lineage to consider is the great Tyrannosauridae—Tyrannosaurus 
rex and its closest relatives—which probably also approached 8 tons. Tyran- 
nosaurids are paradoxical in their behavior, as well as in their exact place- 
ment on the map of theropod relationships. Although they evolved to huge 
size, their forelimbs became dwarfed to the point that we can only speculate 
as to their function. Because tyrannosaurids have long, slender, birdlike feet, 
along with other resemblances in the pelvis and neck, they may be closer to 
birds than any of the lineages describes so far. This is a case where gaps in 
the fossil record make the precise relationships of these huge modified teta- 
nurines uncertain. But this point of uncertainty is unimportant from the 
standpoint of bird origins. No one doubts that the tyrannosaurid lineage died 
out at the end of the Cretaceous. 

The modern ostrich came to mind when O. C. Marsh described the first 
ornithomimosaur—the bird-mimic saurian. These tetanurine theropods were 
lightly built, with long cursorial hindlimbs and very long arms with slender 
hands. Most distinctive is the loss of teeth; the mouth is instead bordered by 
a birdlike beak. However, the oldest and most primitive ornithomimosaur, 
Harpymimus, retained some teeth, documenting a transitional stage in this 
evolutionary loss that was independent of that in birds.24 The ornithomi- 
mosaur brain is very large and birdlike. In fact, it very nearly reaches the rel- 
ative size of the brain in modern flightless birds, such as the ostrich and emu. 
The eyes of ornithomimosaurs were also huge, suggesting a further improve- 
ment in visual acuity. Primitive members of the lineage were medium-sized 
theropods, about 10 feet in length, but some later species range up to 20 feet 
long and were 6 feet tall at the hip. The largest is Deinocheirus mirificus, known 
only from its arms, but these are 7 feet in length! Ornithomimosaurs are 
indeed very birdlike, but other theropods show even more unique similari- 
ties, and current evidences indicates that the lineage died out at the end of 
the Cretaceous. 

The Oviraptor lineage would surely win the contest for the dinosaur with 
the weirdest head.2° A dozen and a half species are known from the Late Cre- 
taceous of the Northern Hemisphere. They are small, sleek cursorial bipeds, 
that ranged up to perhaps 15 feet in length. They were also toothless, like 
ornithomimosaurs, but their shortened jaws and beak were much more pow- 
erful, similar to the beaks of modern parrots. The skull is shortened and very 
deep. Bizarre crests and pneumatized outgrowths of the head are highly dis- 
tinctive of the lineage. Owing to their highly unusual skulls and jaws, we can 
only speculate upon their exact diet. None has been preserved with gas- 
troliths, and it is hard to picture them digesting foliage. But if oviraptorids 
were herbivorous, as has been claimed, they must have eaten seeds and 
fruits more than leaves. Their hands and feet, which have the usual theropod 
armament of recurved claws, suggest that oviraptorids were predatory. 
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The name Oviraptor means “egg stealer.” But a recent discovery of associ- 
ated oviraptorid embryos and adults revealed that this was the most mis- 
leading name for any dinosaur lineage. During the Central Asiatic Expedi- 
tions in the 1920s by the American Museum of Natural History, an adult 
Oviraptor was found preserved near nests that contained dinosaur eggs pre- 
sumed to belong to Protoceratops. The discovery suggested that Oviraptor was 
preying upon the Protoceratops eggs, hence the name egg stealer. In 1993, 
American Museum of Natural History paleontologists discovered nests con- 
taining the eggs and embryos of Oviraptor.2° As it turns out, most of the eggs 
once thought to belong to Protoceratops are actually eggs of Oviraptor. 

At one of these sites, a skeleton of Oviraptor was preserved actually sitting on 
a nest of eggs in a brooding posture exactly like that of many modern birds.?7 
There is no evidence of postmortem transport, making it improbable that some 
other factor could account for the lifelike association of the adult on the nest. 
The eggs are arranged neatly and systematically, implying that the eggs were 
manipulated and positioned by the parents into a specific configuration as is 
typical of most modern birds. This specimen provides the first direct evidence 
of the history of parental brooding so characteristic of modern birds. Paleon- 
tologists are now asking whether this discovery bears on another question. 
Modern birds sit on their eggs to keep the nest warm. What was Oviraptor doing 
on its nest if it couldn’t generate its own body heat? No doubt this specimen 
will be closely studied by everyone evaluating evidence for warm-bloodedness 
in extinct dinosaurs. 

So, ornithomimosaurs and oviraptorids and possibly several other 
coelurosaur lineages bear special resemblances to birds, and the trail to birds 
is growing much warmer. And there is still one more lineage to consider that 
is even more birdlike. 


MANIRAPTORANS 


The somewhat different evolutionary paths traced by John Ostrom and 
Jacques Gauthier met in maniraptoran theropod dinosaurs. Gauthier’s expe- 
dition to map saurischian phylogeny uncovered abundant new anatomical 
evidence supporting Ostrom’s claim that Deinonychus and Archaeopteryx are 
indeed closely related. Owing to the weight of this evidence, Gauthier coined 
the name Maniraptora—the raptorial-handed dinosaurs—for the evolution- 
ary path that includes Dromaeosauridae and its sister lineage Avialae.28 The 
most famous members of the dromaeosaur lineage are Deinonychus and Veloci- 
raptor. Avialae, named by Gauthier for the winged theropods, is the lineage 
that includes Archaeopteryx plus modern birds and everything else descended 
from their last common ancestor. On the cladistic map, Deinonychus and birds 
are members of sister lineages. 

The maniraptoran lineage is distinguished from other tetanurines by its 
skull, arms, and tail. The skull was simplified through the loss of a bone called 
the prefrontal, which was previously situated above and in front of the eyeball, 
along the rim of the eye socket. This seemingly obscure anatomical detail is sig- 
nificant because it may signal the presence of a large salt gland or nasal gland 
above the eyeball. This structure is unique to birds among living species. It 
helps maintain a balanced concentration of blood salts, preventing dehydration 
and death from a prolonged or extreme imbalance. In tetrapods, the kidneys 
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also play a big role in this. The kidneys of warm-blooded mammals and birds 
are enhanced, probably to compensate for rapid salt buildups driven by their 
higher body temperature and faster moisture loss. In mammals, sweat glands 
help the kidneys excrete excess salts. But in birds, there are no sweat glands. 
Instead, the kidneys are augmented by a salt gland, which removes and excretes 
salt from the blood in very high concentrations. The salt gland permits many 
birds to live in the arid deserts of the American Southwest and Mexico, where 
they survive dehydration without developing poisonous levels of blood salts. 
Marine birds survive by drinking sea water because they are able to excrete 
excess salt through the nasal gland. It is this gland that enables birds to exploit 
many of the diverse habitats that they occupy today. The subtle loss of the pre- 
frontal bone in maniraptorans may signal an important evolutionary step in 
avian physiology. 

No one would suggest that maniraptors like Velociraptor and Deinonychus could 
fly. Yet these dinosaurs had most of the skeletal modifications that later proved 
essential for flight in modern birds.” Their arms are even more elongated, to 
roughly three-fourths the length of the hindlimb. The hands are extremely long 
and slender. The short thumb reflects an extensive grasping capacity, and the 
tips of all three fingers are armed with trenchant, recurved claws—an elabora- 
tion of the pattern found in the ancestral theropods. The muscles operating the 
maniraptoran forelimbs originated from a powerfully built shoulder girdle. 
Although a bony sternum and wishbone arose in the ancestral tetanurine, they 
are noticeably stronger whenever they have been preserved in basal manirap- 
torans. This strong armature enhances power both when the hands reach out to 
grab prey and when they pull the quarry back toward the mouth. 

More subtle clues to the relationship between dromaeosaurs and birds 
are visible in the forelimbs. The ulna and third metacarpal bones are bowed, 
instead of being straight. More importantly, there is a distinctive bone in the 


Phylogenetic map, or cladogram, showing 
the relationships among representative 
maniraptoran dinosaurs (dark green). 
The palaeognath and neognath lineages 
comprise the two major sister lineages 
of living birds. (Extinct lineages are 
indicated by crosses.) 
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wrist, the semilunate carpal. This half-moon-shaped bone lies at the base 
of the thumb and index finger. The same structure is present during early 
development in modern birds; it fuses to the adjacent bones of the hand in 
adults. In living birds, the semilunate carpal is important in directing move- 
ment of the hand in a fan-shaped motion during the wing's flight stroke. In 
basal maniraptorans it may have helped snap the hands forward to quickly 
grab fleeing prey. The joint surfaces and muscle scars on the bones suggest 
that basal maniraptorans may have been able to fold their hands against 
the body much like modern birds while resting. For John Ostrom, this bone 
was one of the keys to allying Deinonychus and Archaeopteryx. For Gauthier, it 
was another element in the hierarchy of features linking birds and all 
theropods. 

The pelvis and tail also exhibit subtle evidence for close relationship. 
The pubis has rotated backwards, superficially like its orientation in 
ornithischian dinosaurs. In the tail, the transition point between mobile 
vertebrae at its base and stiff vertebrae at its end lies near the pelvis. 
Almost the entire tail was stiff, and much of the musculature that once 
attached to the tail has shifted to the pelvis. Taken together, these features 
indicate a more forward center of gravity in maniraptorans. Birds carried 
this trend further by suspending the center of gravity between the wings 
during flight. 

In Avialae, we reach the point on the map representing the last common 
ancestor shared by Archaeopteryx and living birds.2° As we have seen, the 
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Maniraptoran dinosaurs are distinguished 
by longer arms than in other theropods. 
Their arms are three-fourths the length 
of the hindlimbs or greater. The skeleton 
of Archaeopteryx is inset to illustrate 
limb proportions as they relate to the 
entire skeleton. 
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Solnhofen specimens of Archaeopteryx preserve long flight feathers, extending 

backwards from the hand and arm to produce the airfoil wing that enabled 

flight. The snout is slender and pointed, and the teeth are reduced in size 

and number, foreshadowing the origin of the avian beak. There is also an 

enlarged brain—one of the most characteristic features of birds among mod- 

ern tetrapods. The arms and hands are nearly half again as long as they are in 

dromaeosaurs, to support of their new mode of locomotion. Corresponding 

modifications in the hindlimb produce a more solid structure with fewer sep- 

arate elements that can withstand the forces generated in landing, as the 

bones of the ankle and foot begin to fuse into a solid structure. In addition, 

the big toe or hallux has moves onto the back of the foot, affording a degree 

(At left) The forearm in maniraptorans is 
distinctive in having a bowed ulna and a 
wrist with the semilunate carpal. Together 
with the wishbone and hollow skeleton 
inherited from more primitive theropods, 
maniraptorans had most of the major 
components used for flight in modern birds. 
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of grasping capability. The tail is also shortened to no more than twenty-three 
separate vertebrae. Thanks to these and other characters, for the last century 
almost everyone has agreed with Richard Owen that Archaeopteryx is a bird. 


PROTOAVIS—TRIASSIC BIRD? 


A challenge to the idea that birds are avialian, maniraptoran, tetanurine thero- 
pod dinosaurs came from Dr. Sankar Chatterjee of Texas Tech Univer- 
sity, with the discovery of a fossil for which he coined the named Protoavis 
texensis.2'! It was collected from Late Triassic rocks, predating Archaeopteryx by 
75 million years, and pushing the origin of birds to the earliest stages of 
dinosaur evolution. Chatterjee maintains that Protoavis is on the direct path from 
dinosaurs to birds, and that Archaeopteryx and the other theropods described 
above represent an unrelated side path on the map of avian evolution. The sci- 
entific community has been skeptical of Chatterjee’s proposal because many of 
the bones from the skull are flattened and difficult or impossible to interpret. 
Moreover, there is reason to suspect that Protoavis represent a death assemblage 
of different animals instead of associated parts of a single kind of animal. The 
hindlimb has a primitive unfused ankle and foot, lacking a tall ascending 
process, and it may belong to a ceratosaur or something closer to Herrerasaurus. 
It is doubtful that the elements comprising the hand are from the same crea- 
ture, if in fact they are hand bones. Only Chatterjee and Larry Martin of the Uni- 
versity of Kansas have defended this view; everyone else wants to see more 
complete specimens and more data before they consider abandoning the 
cladistic map that summarizes so much actual data. 


THE ORIGIN OF FLIGHT 


One of the points made clear by Gauthier and Padian in collaborative work at 
Berkeley is the importance of not confusing the problem of the origin of birds 
with the problem of the origin of flight. Even though we may never know exact- 
ly what stages the ancestors of birds passed through as they evolved flight, we 
can still read from the evolutionary map compiled by Gauthier and his succes- 
sors that the preponderance of evidence favors the hypothesis that birds are the 
descendants of extinct Mesozoic theropod dinosaurs. So, given that birds are, 
in a genealogical sense, dinosaurs, it would appear that powered flight arose in 
a lineage that descended from a bipedal, cursorial, fast running theropod 
dinosaur, smaller in size but much like Velociraptor or Deinonychus in general 
design. Our map suggests that flight evolved from the ground up, but exactly 
how this happened is another question altogether. 

Intuitively, it has always seemed more likely that flight evolved through a 
gliding stage, and John Ostrom faced severe criticism with his ground-up argu- 
ment on that basis. A question that Ostrom had to face was, “How could the 
beginnings of the flight stroke arise in a cursorial animal?” Birds appear to 
move their wings in a unique way to achieve lift—how did this evolve? 
Although it was a difficult question, Ostrom found a plausible answer in the 
diet of early theropods. Their armament of trenchant claws and sharp teeth 
points to a predatory existence. The powerful architecture of the forelimb and 
hands suggests that the arms were snapped forward to grab at a potential prey 
item or to smother an insect.?? And this motion is very much like the motion 
of the flight stroke. 


primitive hallux 


reversed hallux 


In avialians, the big toe or hallux is 
reversed, affording a grasping capability 
not found in other theropods. 


There is now a growing body of experimental infor- 
mation that clarifies how birds use their wings during 
flight.?? To generate lift, the forelimbs are thrown for- 
ward and somewhat downward. Adding to this argu- 
ment is independent evidence based on the physics of 
aerodynamics. Several researchers recently demon- 
strated that even small increases in the surface area of 
the hands can generate significant levels of lift, provid- 
ed that the surface is shaped like an airfoil. The long 
hands of early maniraptorans and avialians could pro- 
vide lift, if the hands were being accelerated forward. 
This is not to say that early maniraptorans were able to 
fly, but that they may have used the aerodynamic prop- 
erties of their hands for balance and maneuverability 
while chasing prey or escaping over broken ground. 
Many living birds can run very fast and are highly 
maneuverable even when running across uneven sur- 
faces. Running birds can use their wings to help main- 
tain balance, and young birds even flap their wings to 
gain greater speeds while running. Even though the 
forelimb is committed to flight in most adult birds, it 
can still aid terrestrial locomotion at points in their life- 
times. Differences between the situation in birds and 
Mesozoic dinosaurs have also come to light, and it is 
clear that the flight stroke is considerably modified over 
the likely movements of nonflying dinosaurs. But, this 
at least shows the plausibility of the argument that 
flight evolved from the ground up. 

With a more rigorous, hierarchical map of dinosaur 
genealogy, Gauthier and Padian were able to highlight 
the sequence of changes documented in theropod his- 
tory to show that the ground-up theory was in fact plau- 
sible.24 As we have just seen, over theropod history 
there was a series of changes in which the arms became 
successively longer and more powerful, and the shoul- 
der girdle was heavily reinforced. All of these changes 
are consistent with both a predatory existence and the 
earliest stages of the evolution of flight. Once there was 
reason to suspect that the true historic pathway of avian 
descent was from the ground up, the ecology and 
physics behind such a transition were not so hard to 
understand. After all, human invention has taken the 
creation of flying machines from the ground up as well. 

Not surprisingly, another argument about the ori- 
gin of flight is emerging that represents a consensus 
of the trees-down and ground-up hypotheses. This 
argument recognizes the long temporal gap that sep- 
arates the Late Jurassic Archaeopteryx and the various 
Cretaceous dromaeosaurs. If our map of theropod his- 
tory is correct, then the histories of both lineages 
must have extended to a common ancestor that lived 


The flight stroke of birds, looked at from the side in a hummingbird, 
is very much like the raptorial, prey-grabbing motion of the arms in 
more primitive maniraptorans, viewed here from above. 
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in or before the mid-Jurassic. It is possible that from a 
cursorial dinosaurian ancestor, the predecessors of avi- 
alians became arboreal—small tree-climbing manirap- 
toran dinosaurs—and that the transition to powered 
flight actually did take place in the trees. While there is 
no direct evidence of such intermediate tree-climbing 
maniraptorans, some paleontologists argue that the 
claws of Archaeopteryx were designed for climbing, imply- 
ing a nonpreserved tree-climbing phase in their history. 
Obviously, more needs to be learned in order to under- 
stand the whole process that occurred as flight evolved 
in extinct theropods. 


DOWN THE ROAD 


Whereas points of resemblance might be found between 
birds and pterosaurs, or birds and ornithischians, or 
birds and ceratosaurs, we have now mapped the position 
of birds within a single hierarchy of relationships. 
Although it really begins at the origin of life, in the last 
two chapters we have traced the hierarchy of avian rela- 
tionships from the origin of Vertebrata, through the 
emergence of vertebrates onto the land, and onto the 
dinosaurian pathway of reptilian evolution. Cladistic 
techniques enable mapping of the most characteristic 
features of birds backward in time, matching each feature 
back to the particular ancestor in which it arose. Ironi- 
cally, Gauthier mapped many of the characters that 
Richard Owen had used to verify the avian affinities of 
Archaeopteryx, like a wishbone and a hollow skeleton, to 
positions in the hierarchy of evolutionary relationships 
among extinct theropod dinosaurs. 

Paleontologists following Gauthier’s trail have 
unearthed additional evidence that birds are avialian, 
maniraptoran, tetanurine, theropod, saurischian 
dinosaurs. From the ancestral dinosaur, birds inherited 
an in-turned femoral head and a perforate acetabulum, 
and from the ancestral saurischian a long neck and a 
hand in which the second finger is the longest. To the 
ancestral theropod, birds owe their hollow bones and a 
flexible joint between the neck and head. The wishbone, 
a three-fingered adult hand, and the ascending process 
of the ankle can be traced back to the ancestor of teta- 
nurines. The ancestral maniraptoran added still longer 
arms with a semilumate carpal in the wrist. And the 
ancestral avialian added still longer arms, flight feathers, 
and the ability to fly. In summary, Huxley was right—the 
evolutionary road to birds passes through dinosaurs. 
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The various features of birds, illustrated here by Archaeopteryx, 
can be traced to historic times of origin. For example, from the 
ancestral vertebrate, birds inherited a vertebral column; from the 
ancestral tetrapod, four limbs with wrists/ankles and fingers/toes; 
feet that leave three-toed trackways from the ancestral 
dinosauromorph; an in-turned femoral head from the ancestral 
dinosaur; a long neck from the ancestral saurischian; a flexible 
joint between the head and neck from the ancestral theropod; 
and so on. 


_ The revolution catalyzed by Darwin's theory of evolu- 


tion shed a bright new light on TORNA Dinosauria 
represented a lineage that could evolve. Using Compsog- 
nathus and Deinonychus, Huxley and Ostrom showed that 
dinosaurs not only could evolve, but that they did evolve, 


both birdlike size and birdlike features. So, if birds did 
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evolve from Mesozoic dinosaurs, as the preponderance of evidence suggests, 
how can we say that dinosaurs are extinct? 

The belief that dinosaurs are extinct is one of the great ironies of paleon- 
tology. Richard Owen is sometimes reviled for fighting throughout his life 
against evolution. Yet, even though modern science recognizes Darwin as the 
victor in this battle, the world did not go on to adopt a Darwinian view of 
dinosaurs. If Owen is looking down from the Hereafter, he must be gratified 
despite the bad press. Most people still accept his anti-evolutionary view, 
that dinosaurs are extinct. 


LINNAEUS AND THE LINNAEAN SYSTEM OF NATURE 


This paradox arose as scientists tried to map the evolutionary history of var- 
ious lineages using the preevolutionary Linnaean system of classification 
and nomenclature, which for centuries was about the only system available. 
Up until this point in the book, we have followed a system that is strictly 
hierarchical and that attempts to plot all available information onto a single 
map of relationships, using cladistic mapping techniques. As we saw earlier, 
shared evolutionary novelties are the basis for phylogenetic mapping, and 
the map of dinosaur history that we've followed to this point is our best cur- 
rent approximation of their relationships. But this system was not always in 
use, and in its place was the Linnaean system of classification.? 

As beginning graduate students, the prospect of studying the “science” of 
classification loomed before us like a barren desert of endless boredom. There 
were countless unpronounceable Latin names to learn and regurgitate, along 
with the many ranks—genus, family, order, phylum, etc.—that were assigned 
to each clam, leaf, or bone fragment that we came across in an exam or ona 
field trip. But it was a desert that we had to cross in order to reach the pro- 
fessional world. The classification of organisms is the basic language that sci- 
entists use to communicate about dinosaurs and all other organisms, and we 
couldn't participate in that world without mastery of its lingo. Like any other 
language, the system of animal classification has complex rules, countless 
exceptions to the rules, and a vast vocabulary. Moreover, classification sys- 
tems inevitably change over time and for many technical terms an intricate 
maze of implied meanings has evolved over the years. So we had to under- 
stand not only modern classification, but also the history of classifications. 
The only way to make it through the exams, and to get a foothold in the pro- 
fessional world, was to muscle your way through—memorize the glut of 
arcane terms and rules that had accumulated over the centuries and that 
could not easily be categorized and dealt with more efficiently. 

The system of classification used by Owen, with which he both founded 
Dinosauria and proclaimed it extinct, was developed in the previous centu- 
ry by the great naturalist Carolus Linnaeus (1707-1778). Linnaeus was a 
botanist, and he became as famous as Newton and Galileo for the resound- 
ing endurance of his influence. Even during his lifetime Linnaeus was enor- 
mously famous and influential. He may be the only scientist whose death 
and service to his country were recorded by a European sovereign in a 
speech from the throne. In 1778 King Gustavus Ill of Sweden eulogized Lin- 
naeus at his funeral in Uppsala, saying “I have lost a man, whose renown 
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filled the world, and whom his country will ever be proud to reckon 
among her children. Long will Upsal remember the celebrity which 
it acquired by the name of Linnaeus.”* A medal was struck in 
honor of Linnaeus, and his picture still appears on Swedish 
currency. | 

As his system of plant classification developed, Linnaeus 
extended his interest to practically all organisms known at 
the time.’ Linnaeus called his classification Systema Natu- 
rae, the Natural System, although just what he meant by 
“natural” was never clear. Before Linnaeus and for many 
years after, natural historians argued over what criterion 
should be used to classify organisms. For animals, 
some argued that fur or feather color was best. Others 
maintained that the number of fingers and toes should 
be used. Still others proposed that habitat or way of life 
were best. The problem is that different criteria produced 
different classifications. Late in his life, Linnaeus admit- 
ted that he had spent decades trying to articulate criteria 
and principles for classifying organisms, but that he had 
failed.’ In the absence of clear guidelines, intuition had been 
his guide. 

The Linnaean system grouped organisms that basically looked 
alike and, given some key character, it established a naming system 
to help naturalists discuss nature in a precise and efficient fashion. 

Referring to groups based on their names, instead of listing all their vari- Carolus Linnaeus (1707-1778), the 
ous characters, created a shorthand for scientific communication. For founder of the Linnaean system of 
example, Linnaeus coined the name “Mammalia” for a group of organisms classification, published his first 
whose members possess an extensive and unique suite of characteristics. great classification 101 years before 
In defining the name, Linnaeus enumerated what he considered to be the Darwin’s On the Origin of Species 
essential characteristics: “Mammals have a heart with two auricles and two appeared in print. 

ventricles, with hot red blood; that the lungs breathe rhythmically; that the 

jaws are slung as in other vertebrates, but “covered,” i.e., with flesh, as 

opposed to the “naked” jaws of birds; that the penis is intromittent; that 

the females are viviparous, and secrete and give milk; that the means of 

perception are the tongue, nose, eyes, ears, and the sense of touch; that 

the integument is provided with hairs, which are sparse in tropical and still 

fewer in aquatic mammals; that the body is supported on four feet, save in 

the aquatic forms in which the hind limbs are said to be coalesced into the 

tail.”® It is obviously easier to use the word “mammal” than to list all these 

features every time you want to refer to the group. Of course, this only 

works if everyone in the conversation shares a common understanding 

about what the name means.? 

In the Linnaean system, named groups are also given ranks based on 
their distinctiveness. The categories genus, family, order, class, phylum, 
and kingdom form a successively more inclusive hierarchy of ranks. A clus- 
ter of similar species would be grouped together in the same genus, 
whereas species that are sufficiently different would be placed in a sepa- 
rate genus. Similar genera would be ranked together in the same family, 
similar families grouped under a single order, and so on. If a species 
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The Linnaean classification divided 
vertebrates into five nonoverlapping 
classes. While this does pigeonhole all 
the vertebrates into a convenient filing 
system, it is a poor reflection of their 
Birds relationships to one another. 


proved especially distinctive, it might also be placed in its own genus and 
family, or perhaps even order, to highlight this distinctiveness. The more 
distinctive the group, the higher the rank, and the more subjective the 
process became. Birds and mammals were each assigned the rank of class 
to emphasize how distinctive and different these two groups are. So long 
as groups are assigned ranks, they need not be arrayed in a strictly hierar- 
chical scheme based on shared inherited features. For example, the king- 
doms Plantae and Animalia were regarded as fundamental divisions that 
are entirely separate but equal in rank. Before scientists understood that 
species are linked genealogically, there was no reason to unite all Life into 
a single hierarchy of relationships. 

The Linnaean ranking scheme depends on the idea of fundamentally 
distinct types of organisms—groups that are separate but equal in rank. 
Among vertebrates, for example, Linnaeus recognized the class Oste- 
ichthyes, class Amphibia, class Reptilia, class Mammalia, and class Aves, 
to be nonoverlapping categories representing separate but equal class- 
es.!° Membership was defined by distinctive features, such as fur and 
mammary glands for mammals, scales and cold blood for reptiles, and 
feathers for birds. Linnaeus strove to discover the characteristics of essen- 
tial importance to the group. But without clear principles for guidance, 


biologists fought bitterly over what a natural classification really repre- 
sented and which criteria should be regarded as essential in building a 
classification. And, without some objective measure of difference, they 
also fought over what ranking should be assigned to any given group. The 
result has been continual turmoil and revision in our system of classifica- 
tion. Consequently, ever since Linnaeus’s day, many scientists have 
claimed that classification is mere pigeonholing, and that the arguments 
over how to classify any particular organism generate only heat, not 
enlightenment. Systematics and classification are for stamp collectors, 
not scientists. 

The Linnaean system is what was available to Darwin as a student. Even 
after the Darwinian revolution was underway, the Linnaean system remained 
enormously successful because it was at least partly hierarchical. It provid- 
ed a convenient means of conveying nature’s diversity. After Linnaeus’s 
death, naturalists expanded the Linnaean classification to include newly 
discovered living species as well as fossils. The classification became all- 
inclusive and rapidly grew into one of the most general tools in the natural- 
ist's repertoire. For more than two centuries, the Linnaean system of classi- 
fication has provided a basic language for communication about nature's 
diversity. And, this preevolutionary system was still in general use when we 
entered graduate school. 


DARWIN AND NATURAL CLASSIFICATION: 
THE ROOTS OF CONFLICT 


Darwin noted that, even in the most ancient written records, humans recog- 
nized that organisms resemble one another to varying degrees.!! They clas- 
sified organisms into smaller groups contained within larger groups. Pri- 
mates are placed within the larger group Mammalia, which in turn is 
contained within Amniota, Tetrapoda, Vertebrata, and so on. But unlike the 
constellations of stars, this arrangement of groups is not entirely arbitrary. 
Species that look most alike are grouped together, and those that are differ- 
ent are grouped separately. 

To pre-Darwinian naturalists, the classification of species was simply a 
scheme for arranging living objects that looked most similar, a convenient 
tool to “sort out” organisms. To Darwin, much more was implied by the 
shared resemblances of organisms. A shared history of descent, the one 
known cause of close similarity in organic beings, is what the general sys- 
tem of classification revealed. The bond among members of a group is 
relationship, “propinquity of descent,” though it can be hidden in various 
degrees by the modifications which make the different groups so distinc- 
tive. To Linnaeus and Owen, organisms were grouped together simply 
because they looked alike. But to Darwin and his followers, organisms are 
grouped together because they are descendants of a common ancestor. 

The Darwinian view cast a very different light on what classified groups 
represent and on how to build classifications.!* The groupings were gen- 
erally seen to represent the branches of the evolutionary family tree. The 
“naturalness” that Linnaeus groped for but failed to identify is genealogy. 
Ever since Darwin, scientists have worked to see that each group, whether 
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it be a genus, family, or higher group, contains only related forms. But as 
this work has progressed, it has become clear that the Linnaean system of 
classification can never provide a completely accurate representation of 
relationship, because it is not completely hierarchical. It was never intend- 
ed to reflect evolutionary relationship. Thanks to the newly developed 
maps of vertebrate phylogeny, we have realized that many of the groupings 
established through Linnaean methods fail to depict genealogy. Instead, 
they reflect ecology, geography, or some other criterion. 

The Linnaean classification would work perfectly well if the gaps 
between groups were always distinct. For example, if only one group were 
designed for life in the water, one for life on land, one as a predator, one 
as a flyer, and so forth, classification would be a simple process. But the 
variability among organisms inevitably seems to cross these convenient 
boundaries. Some tetrapods still live mostly in the water, while other 
tetrapods never go near it. Lungfish can live buried in their burrows at the 
bottm of dried ponds and breathe air for years, while other fish will quick- 
ly suffocate outside water. Rarely can a group be defined by a single char- 
acter shared among all its members and no other species. Even when 
groups seem highly distinctive and sharply separated from each other, as 
living birds differ from lizards and crocodylians, the distinction often 


Unlike a Linnean 
classification, this map 
of vertebrate phylogeny shows 


the relationships among all its members. 


becomes blurred when fossils are considered. Archaeopteryx is the classic 
example. Nineteenth-century scientists asked, “Is it a feathered reptile or a 
reptilelike bird?” Fossils blurred the seemingly sharp and objective bound- 
ary. Under the Linnaean system Archaeopteryx can not be both a reptile and 
a bird, even if birds have reptilian ancestors. 

Naturalists had long noted that gaps exist between groups of equal rank, 
and as we saw earlier the existence of these gaps represented a basic chal- 
lenge to the theory of evolution. But when fossils narrowed the gaps and 
offered evidence in support of Darwin's theory, it posed a real dilemma for 
Linnaean classification. Whether Archaeopteryx was segregated into its own 
class or lumped into either Reptilia or Aves, the solution was an uncom- 
fortable one, because either approach arbitrarily broke the genealogical 
bond. Some scientists advocated splitting, some lumping, and the two 
camps fought bitterly over how to handle any particular case. 

This argument is important because, if classifications are to represent 
genealogies, splitting versus lumping taxa poses a problem that directly affects 
our understanding of history. Classifying Archaeopteryx as a bird in the class Aves 
breaks its connection to reptiles. Classifying it within the class Reptilia severs its 
connection to birds. Placing it in a class by itself would tear apart both connec- 
tions. Paleontologists sometimes comment that they are fortunate that so many 
distinct gaps still exist between different groups, for without them classification 
would be impossible. Reading between the lines, what they are also admitting 
is that Linnaean classification is stronger when based on less information. 
When used as an evolutionary tool, Linnaean classification has a difficult time 
dealing with new discoveries like Archaeopteryx. 


In the Linnaean system of separate but 
not overlapping ranks, Archaeopteryx 
could be either a reptile or a bird, but it 
couldn’t be a member of both classes 
despite its genealogical tie to both. 
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IMPLICATIONS OF EVOLUTION 


Darwin's theory has become the most central principle of biology, and today 
virtually all biologists interpret classifications to reflect evolutionary history. 
Since Darwin's time, scientists have discovered the mechanism of inheri- 
tance. With computers they can decipher the structural features of double 
helix DNA molecules and use DNA itself as evidence for classifying organ- 
isms. DNA evidence is even used routinely in the British and American legal 
systems. Where would modern medicine be if DNA had never been discov- 
ered? Genetic engineering and cloning are now possible. Their future poten- 
tials are so vast that we can’t foresee where biotechnology, which transplants 
genetic information from one species into the genetic mechanism of anoth- 
er, will have taken us a century from now. So transformed is humankind by 
the theory of evolution, that it is difficult to imagine what our lives might be 
like today in the absence of the cascading discoveries it has spawned. 

All the same, a number of influential twentieth-century biologists have 
commented that the Darwinian revolution did not lead to a similar revolu- 
tion in the way organisms are classified, despite acceptance that classifica- 
tion should reflect genealogy. We had learned of this paradox as undergrad- 
uates and we had read about some attempted solutions. But the solutions 
seemed only to introduce new problems, and at first we shared the general 
scientific response to the entire issue, which was to ask, “So what?” And 


In contrast to the Linnaean system, in 
the phylogenetic system Archaeopteryx 
is a bird, a dinosaur, an archosaur, a 
saurian, a reptile, and so on. 


then we met a Berkeley graduate student named Kevin de Queiroz. Now a 
curator of herpetology at the Smithsonian Institution, de Queiroz had a 
resounding influence across our community as he explored the paradox in 
the way evolutionary biology was studied. Most evolutionary biologists have 
continued to use Linnaean methods, lumping organisms together based on 
overall similarity, and splitting groups into different ranks to reflect their dif- 
ferences. Even though they may express their ideas in evolutionary terms, 
their methods for detecting the underlying pattern of relationship were 
devised long before Darwin’s theory emerged. Other scientists had argued 
that a classification designed optimally to reflect evolutionary relationships 
would be a far better tool than traditional Linnaean classifications, but de 
Queiroz showed us how powerful such a tool could be. 

Before Darwin's theory of evolution, which stipulated that species could 
transform, there was no reason to develop a system that depicted the dynam- 
ic properties of lineages. To better reflect what we have learned about evolu- 
tionary history, the Linnaean system has been tinkered with, modified, 
revised, and overhauled. New rules for classification have been added, and 
a Linnaean Commission has published a Code of Taxonomy for more than a 
century. Since Darwin’s On the Origin of Species was published, the Code has 
evolved into a governing system for classification that rivals the American tax 
code in its mind-boggling complexity. But despite countless alterations, it 
remains painfully evident that the Linnaean system was designed to classify 
static, unchanging objects. To Linnaeus, organisms were separately created 
and “permanent.” He had no idea that species could become extinct, much 
less that they could transform as part of evolutionary lineages. Darwin’s Ori- 
gin was still a century in the future when Linnaeus published the basic struc- 
ture of his classification system. Kevin de Queiroz argued that it was time to 
developed a system designed for studying evolution, using the idea of descent 
with modification as axiomatic, and deriving from that axiom the best evolu- 
tionary tools possible. !? 


THE PHYLOGENETIC SYSTEM 


Berkeley became a hotbed for overthrowing the Linnaean system while we 
were graduate students there. The hierarchical map of genealogy that we have 
been using in this book, known as the phylogenetic system, is what was pro- 
posed in its place. The German naturalist Willi Hennig had founded the field 
of phylogenetic systematics in works on insect relationships that he published 
in the 1950s. In 1966, his major book on phylogenetic systematics was trans- 
lated into English, and over the next decade his methods were refined, most- 
ly by a small group of ichthyologists led by Colin Patterson and associates at 
the British Museum (Natural History), and by Donn Rosen, Gareth Nelson, 
and their associates at the American Museum of Natural History. '4 

At first the movement was no more than a small network of a few dozen sci- 
entists scattered across the United States and Europe. Kevin de Queiroz and 
Jacques Gauthier were among its first supporters at Berkeley, often to the dis- 
may of some of the faculty, whose careers were deeply rooted in the Linnaean 
system. But by applying phylogenetic methods to some long-standing prob- 
lems in reptile evolution, they were able to offer compelling demonstrations 
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phylogenetic systematics. It took 

about 30 years for Hennig’s view to 
catch on, but it is now the most widely 
used method to reconstruct genealogy. 


of the difference between the two systems. De Queiroz worked on mapping the 
relationships among modern lizards,!° while Gauthier focused on the phyloge- 
ny of dinosaurs and the origin of birds, and the two collaborated in a great deal 
of this research. They argued that by merely superimposing a secondary evo- 
lutionary interpretation on top of a Linnaean classification, biologists were 
risking many mistakes, and Dinosauria was a classic example. As Gauthier put 
it, explaining why Dinosauria became extinct is like explaining why Napoleon 
crossed the Mississippi. The Linnaean system had misled scientists into seek- 
ing an explanation for something that had never happened. Gauthier and de 
Queiroz argued that it was time to break with the past and construct a phylo- 
genetic system to reflect Darwin's concept of evolution. !6 

Ancestry, rather than overall similarity, formed the fundamental basis of 
the phylogenetic system of classification. Many Linnaean names, like 
Dinosauria, Saurischia, and Theropoda, are preserved to provide a linkage to 
historical Linnaean schemes. However, the meaning behind those names 
shifted from a static concept based on physical characteristics to a dynamic 
one based on ancestry, and the practice of ranking lineages was abandoned 
entirely. In the phylogenetic system, groups must include the last common 
ancestor of a lineage plus all its descendants, no matter what form the 
descendants might eventually assume through evolution. Whereas the Lin- 
naean system was only partly hierarchical, the phylogenetic system is exclu- 
sively hierarchical. In the phylogenetic system, anything born to a vertebrate 


is a vertebrate, anything born to a tetrapod is a tetrapod, and anything born 
to a dinosaur inherits that name, plus all the others. 

Asystem based on ancestry is at least potentially stable, because organisms 
can’t escape their history. One's ancestry can never be altered, and the phylo- 
genetic system remains loyal to Darwin's fundamental evolutionary concept— 
all species share common ancestry. And by linking particular names to particu- 
lar ancestors, the precise meanings of the names is potentially stable. 
Discovering ancestors and historic relationships—the process of phylogeny 
reconstruction—is a different question, and it is not always a simple task. The 
phylogenetic map of organisms is still under construction, as we will see in the 
chapters ahead. But despite the difficulties that face phylogeny reconstruction, 
the basic idea that ancestry provides a stable criterion for an evolutionary sys- 
tem of classification is now being put into practice on a global scale. 

This was a radical shift in perspective and one that was deeply upsetting 
to many scientists when we were graduate students. It would mean, for exam- 
ple, that dinosaurs are not extinct! And similar revelations faced researchers 
studying many other lineages. At about the same time as the war over an 
asteroid impact at the K-T boundary was underway, a debate over the phylo- 
genetic system stormed across the community, although it obviously didn’t 
gather nearly the same level of media coverage. At Berkeley the debate was 
so strong that it led to several formal seminars that involved students and 
faculty from many different departments. One of the seminars was led by 
Kevin Padian, who carried an historic perspective that brought Richard Owen 
into the spotlight of our discussions. As the group discussed the phyloge- 
netic system, Gauthier discovered the striking similarity of the modern debate 
to the debates that had raged in England a century before. Not only was the 
relationship between birds and Mesozoic dinosaurs once again being chal- 
lenged, but the very role that the theory of evolution should play in science 
was again at stake. 


A ROSE BY ANY OTHER NAME? 


Owing to the fundamentally nonevolutionary design of the Linnaean system, 
even evolutionists like Thomas Huxley and John Ostrom, were trapped into 
arguing that dinosaurs are extinct. But instead of dying out, dinosaurs were 
merely defined out of existence. In the Linnaean system, with its foundation 
of defining characteristics, only birds could have feathers, and birds belonged 
to a class entirely separate from reptilian dinosaurs. The name Dinosauria, as 
originally defined by Richard Owen, referred only to giant extinct Mesozoic 
species, and Owen refused to believe that they could transform into some- 
thing with feathers. But, under the phylogenetic system this doesn’t neces- 
sarily mean that the dinosaurian lineage is extinct. It may be true that living 
descendants are not so “fearfully great” as Megalosaurus or Iguanodon. But 
beneath their feathers, they retain many attributes that were inherited from 
their Mesozoic ancestors. Consequently, birds have legitimately inherited the 
evolutionary titles of their ancestors. We now tell our students that birds are 
card-carrying avialian, maniraptoran, coelurosaurian, tetanurine, theropod, 
saurischian dinosaurs, and don't you forget it! Because in doing so, you would 
be denying them their rightful claims to a proud and distinguished ancestry. 


206 | 


DEAD OR ALIVE? _ 


So, from today's cladistic perspective, not all dinosaurs became extinct 
at the end of the Cretaceous. The avian dinosaurs flew over whatever it 
was that affected their huge cousins at the K-T boundary. Subsequently, 
dinosaurs evolved into the most specious lineage of land-living vertebrates 
ever to appear. Today, living dinosaur species outnumber those of all the 
other major branches of the tetrapod family tree. Once an icon for obso- 
lescence, Dinosauria now appears as one of Mother Nature’s greatest suc- 
cess stories. 

This isn’t simply a question about what names to apply to which organ- 
isms. Once the relationships of a lineage have been phylogenetically mapped 
out, the next step is to reevaluate interpretations of its history that were based 
on Linnaean classifications. Dinosauria is a marvelous example of how Moth- 
er Nature can turn science on its head. Mapping the phylogenetic relation- 
ships of dinosaurs indicated that Owen’s original conception of dinosaurs as 
huge, lumbering, extinct reptiles is only partly correct. Some dinosaurs fit that 
bill, but in fact, the majority do not. 

To explore the implications of this new interpretation of dinosaurs, we now 
return to the map of dinosaur phylogeny and follow it to the present. The evo- 
lutionary evidence represented by anatomical signposts on the map will show 
that a diversity of dinosaurs probably crossed the K-T boundary unscathed, 
and that only recently have they been threatened with mass extinction. 


The Road 


to Jurassic Park 


: yea following Archaeopteryx, a it was or until the begin- 

į Me of the Tertiary that the trail of fossils leading toward 
today’s birds resumed. © 

Recently, an explosion of new discoveries illuminated 

the darkness. In the last fifteen years, new Mesozoic birds 


have been collected in many parts of the world. South 
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America, Spain, and Asia are producing a wealth of new Cretaceous fossils, 
including complete skeletons of mature birds, entire nests of eggs, embry- 
onic skeletons, and, as we saw in Chapter 12, there are new fossils preserv- 
ing possible feathers. With every professional paleontological meeting, it 
seems, someone announces a new Mesozoic bird. Others bring pictures or 
specimens representing new species, but show them only to a privileged few. 
Thanks to the press, the new discoveries are feeding rumors and excitement 
on a global scale, as the growing league of bird-watchers race to add one of 
the rarest species to their “life list’—a Mesozoic bird. 

Through the blinding flash of new discoveries, the Mesozoic roots of bird 
evolution are dimly coming in to focus, and what was terra incognita in our 
student days is now crossed by several major highways. But some highly con- 
tentious issues remain, and different paleontologists have very different 
visions of early avian history. The new phylogenetic maps are like a Consumer 
Reports study on the paleobiology of birds and other Mesozoic dinosaurs. By 
matching the timing and sequence of evolutionary events, these maps can 


test evolutionary cause and effect. By plotting living birds on the same map with 
their extinct relatives, new insights into the genetics, embryology, physiology, 
and behavior of both living and extinct species are emerging. For example, the 
phylogenetic maps offer insights into whether Mesozoic dinosaurs were warm- 
blooded and whether or not DNA fragments recovered from Cretaceous fossils 
belonged to dinosaurs. Could Michael Crichton’s Jurassic Park be more than a 
fantasy? As we will see, some popular ideas about dinosaurs are endorsed by 
phylogenetic mapping, while others earn much lower Consumer ratings. 


EVOLUTION AND DEVELOPMENT 


For more than a century, domestic chicks, quail, and a few other birds have 
been faithful biological laboratory animals. A great deal is now known about 
their genetic makeup, including how some of their genes direct embryolog- 
ical development and growth.! We even know how to experimentally manip- 
ulate and alter the growth patterns of embryos in the laboratory. But with- 
out a phylogenetic map, most scientists who have done this work did not 
realize that they were working with dinosaurs, or that their research on mod- 
ern avian biology might unlock ancient mysteries. 

Knowledge of modern genetics and embryology increased as we entered 
the information age. The genome is a little like a computer's hard drive. Not 
all of its programs are used at once, and some may lie dormant for long peri- 
ods. There may even be old files and outdated software that are no longer 
used. But with a mistaken command, older programs can still be activated, 
often harmlessly but occasionally with unfortunate consequences. Genomes 
also preserve remnants of ancient developmental programs. In a few cases, 
embryologists have discovered ways to turn them back on. Unlike the science- 
fiction fantasy Jurassic Park, we will probably never be able to resurrect an 
extinct species in the laboratory. But by using embryological techniques to 
activate a bird’s “genetic memory,” scientists have induced modern species to 
regrow some ancient structures. 
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As old programs are triggered, either in nature or the lab, we sometimes 
get a glimpse of the past, when “throwbacks” to more primitive structures, 
known as atavisms, develop. Atavistic structures are surprising because they 
otherwise appear only in more distantly related, primitive species. For exam- 
ple, young ducks, geese, swans, and ostrich have a claw on one of the fingers. 
These usually disappear as the bird’s mature plumage develops, but occa- 
sionally claws on the wings persist into adulthood. To preevolutionary biolo- 
gists, birds with claws were difficult to explain. To evolutionists, however, 
these structures record history by reflecting the reptilian ancestry of birds. 

The most significant embryological ties to the past are the parallel trans- 
formation sequences that can be observed in both the developmental and 
evolutionary histories of an organism. Evolutionary transformations docu- 
mented in the fossil record are often mirrored or recapitulated in the embry- 
onic tissues of a developing embryo. 

Consider the distinctive avian foot. As we saw in Chapter 12, a lot of sub- 
tle evolutionary changes occurred as the distinctive feet and legs of living 
birds evolved from more primitive dinosaurs. The ancestral dinosaur had a 
foot with five toes. Each toe was supported by its own metatarsal bone (the 
metatarsals are the main girders of the foot), which was connected to the 


During theropod evolution, the first 
toe, the fifth toe, the ascending process, 
and the fibula were all rearranged to 
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tional, but it was no longer connected directly to the ankle bones. At the 
same time, digit V (our “little toe”) became reduced, losing all its phalanges 
so that only a thin metatarsal splint remained attached to the ankle. In avi- 
alians, digit I rotated around to the back of the foot, affording a crude grasp- 
ing capability. The remaining large metatarsal bones (II, III, IV) began to fuse 
to each other and to some of the ankle bones, forming a single compound 
bone called the tarsometatarsus. The tarsometatarsus is made up of several 
bones that historically were separate and independent. Still later, digit V dis- 
appeared altogether, leaving three toes directed forward (digits II, II], and IV) 
and one directed backwards (digit 1) as in modern birds. 

Comparable changes occur early during the development or ontogeny in 
most birds. These changes generally mirror the same sequence documented 
in evolutionary history, although the transformations take place in embryon- 
ic tissues (like cartilage) rather than bone. While still inside the egg, evidence 
of five toes is visible as the hindlimb starts to grow. The cartilaginous begin- 
nings of five metatarsal bones arise, all in contact with the developing ankle 
cartilages, in the same configuration found in dinosaurs ancestrally. But soon 
digit | separates from the ankle and slides down the side of metatarsal II, 
later rotating around back to afford a grasping capacity. The growing carti- 
lages for the remaining three metatarsals (II, IH, IV) eventually coalesce as 
they turn to bone, to form the compound tarsometatarsus. The tiny remnant 
of metatarsal V eventually disappears so that no trace of a fifth digit is seen 
in adults. In all of these changes, the developing embryo repeats or recapit- 
ulates the same changes that occurred during the evolutionary history of its 
ancestors. In the avian foot, ontogeny recapitulates phylogeny. 

If adult birds have only four toes, why do their embryos begin develop- 
ment with five? To preevolutionists, this was difficult to explain. But to evolu- 
tionists, these recapitulated sequences in bird development are historic relics 


During bird development, the bones 
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theropod evolution. 


that express ancient genetic programs.? Birds have five toes at the start of 
their lives because their ancestors did. Darwin was the first to make sense of 
recapitulations and atavisms.* He explained in On the Origin of Species that a 
genealogical relationship is the fundamental source of biological similarity 
among different organisms, regardless of whether that similarity is expressed 
between adults or between an adult and an embryo. Atavisms and recapitula- 
tions are to embryology what fossils are to paleontology. 

The discovery of a recapitulation is what led to the discovery of a close 
genealogical tie between birds and extinct dinosaurs. Carl Gegenbaur—a great 
nineteenth-century evolutionary morphologist and embryologist—became an 
ardent evolutionist as soon as he read Darwin's Origin. Gegenbaur was the first 
to study both the early development of the ankle in a modern bird and the 
ankle bones of the Jurassic theropod Compsognathus.* During growth, the “solid” 
foot of adult birds begins with all the parts that remained separate throughout 
life in Compsognathus. Among reptiles, only Compsognathus exhibited this pattern; 
hence dinosaurs were the closest reptilian cousins of birds. As we saw in Chap- 
ter 10, Thomas Huxley extended Gegenbaur's embryological observations to 
the entire hindlimb, and became the most vocal advocate of the nineteenth 
century for the bird-dinosaur connection. So, with the importance of compar- 
ing patterns of ontogeny and phylogeny in mind, we now return to our tour of 
dinosaur phylogeny, rejoining our evolutionary map at the beginnings of birds. 


EVER SINCE THE JURASSIC 


More than a century after its discovery, our most direct evidence for the origin 
of birds still comes from Archaeopteryx, the oldest flying bird from the Late Juras- 
sic Solnhofen limestones. A consensus has emerged that Archaeopteryx was prob- 
ably a good runner and an adequate flapping flyer.” But it probably could not 
flap over long distances, nor could it glide especially well. The hand and wrist 
bones were unfused, and the shoulder bones retained a number of primitive 
features suggesting only limited flight capability. These differences also imply 
that the arms of Archaeopteryx may not have been used exclusively for flapping 
flight. Just how the astounding flight capabilities of modern birds evolved from 
such a primitive ancestor was once as murky as the fossil record of birds. But 
the new Mesozoic discoveries preserve transitional stages, so we can now map 
the evolution of modern flight capabilities, step by step, through the Mesozoic. 

Only one other extinct bird has been reported from Jurassic rocks, a tooth- 
less bird named Confuciusornis, recently described by Larry Martin of the Uni- 
versity of Kansas and colleagues Zhongue Zhou and Lian-Hai Hou of the Chi- 
nese Academy of Sciences.® They took the presence of a Jurassic toothless bird 
as evidence that the bird-dinosaur hypothesis was wrong. They argued that its 
occurrence indicated that bird origins must predate Archaeopteryx by millions 
of years. Still more anomalous is that the alleged primitive dinosaurian 
cousins of birds—the dromaeosaurs like Deinonychus—are known only from 
younger rocks. If birds descended from dinosaurs, they argued, the sequence 
of fossils was wrong. But more recent workers studying the age of the Chinese 
fossils report that the rocks are of Early Cretaceous age, some 20 million years 
younger than previously thought,’ so the toothless bird is younger than its 
more primitive toothed cousin. In addition, a fossil from the Late Jurassic of 
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Colorado reported in 1989 by Jim Jensen of the University of 
Utah and Kevin Padian documents that nonflying manirap- 
torans do occur in the Jurassic.’ So the problem that confronted 
Ostrom, that Deinonychus is younger than Archaeopteryx, is largely 

solved: Maniraptorans occur in time exactly where Jacques Gauthier’s 
map predicted that they would be found. 


ORNITHURAE: POWERED FLIGHT 


Just as the discovery of small, birdlike dinosaurs closed the gap between 
Archaeopteryx and more typical Mesozoic theropods, new discoveries of Creta- 
ceous bird fossils are beginning to close the gap between Archaeopteryx and 
modern birds. The lineage christened Ornithurae by Jacques Gauthier?—in 
reference to the birdlike tail that marks the lineage—includes all birds more 
closely related to living species than to Archaeopteryx. In the last decade, three 
species of Early Cretaceous ornithurine birds have been discovered, includ- 
ing Ambiortus from Mongolia, and Chaoyangia and Gansus from China.!° Dr. Luis 
Chiappe of the American Museum of Natural History is leading the effort to 
map these new discoveries on the phylogeny of dinosaurs. 

The skeleton of ornithurine birds implies distinctly more powerful and 
possibly more sustained flight than in Archaeopteryx. The breastbone or ster- 
num is a large, shield-like bone at the front of the chest. The sternum in other 
tetrapods is rather inconspicuous, but it is the largest bone in the skeleton in 
most ornithurines. A high central keel is also present. If you have ever carved 
a turkey or chicken for dinner, you have encountered its central ridge of bone 
between the wings, where the white meat of the powerful breast muscles 
attach. The keel adds broad, strong attachment surface for the massive flight 
muscles, which generate the power stroke that keeps the bird airborne. 

A complementary change occurs in some bones of the wrist and hand, 
which fuse into a rigid skeleton for supporting the primary flight feathers of 
the wing. The ornithurine hand is a solid structure built from historically 
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separate elements. In bird embryos, they form as separate elements that fuse 
soon after hatching—another recapitulation. 

In mutant strains of the domestic chicken, these elements of the hand and 
wrist never fuse, suspending development at a stage resembling the ancestral 
structure. These mutations are usually tied to recessive genes,!! which cause 
lethal complications soon after hatching. But in normal ornithurines, most of 
the separate bones of the wrist and hand fuse together, forming a strong hand 
for flapping. These natural mutants suggest that a simple genetic mechanism 
may have triggered the complex evolutionary change that occurred in the 
ancestral ornithurine. 

A third distinctive ornithurine feature is found in the arrangement of shin 
bones. In most tetrapods, the tibia and fibula extend from the knee to the 
ankle. This is also the condition seen in young ornithurine embryos, like the 
„Chicken. Subsequently, however, the tibia grows at an accelerated rate, con- 
suming nearly all the nutrients available for generating that part of the limb 
skeleton. The fibula becomes a mere thin splint of bone below the knee in 
adults, leaving only the massive tibia to support the body between the knee 
and ankle. The “handle” of the drumstick is formed by the tibia, while the 
fibula is buried in the meat of the leg. 

In a famous laboratory experiment, the fibula of a chick was induced to 
grow all the way down to the ankle, producing a leg with the primitive con- 
figuration of bones found in the distant ancestors of birds.!2 To accomplish 
this, a thin plate of mica was placed between the developing tibia and fibu- 
la at a very early stage, equally partitioning the available nutrients. Both grew 
to the same length, reaching the ankle. Some of the ankle and foot bones 
even remained separate, similar to the ancestral condition. The leg did not 


In ornithurine birds, many of the bones 
of the hand became fused together to 
form a solid structure. 


look exactly like that of Compsognathus or Velociraptor, 
but the resemblance in the distribution of parts was 
still striking.'? This experimental simulation of a 
more primitive structure may reflect the operation of 
a simple evolutionary mechanism. 


MONONYKUS SHAKES THE TREE 


A bizarre new Mesozoic path on the ornithurine map 
was recently discovered in the Gobi desert by Perle 
Altangerel from the Mongolian Academy of Sciences, 
Mark Norell and Luis Chiappe from American Museum 
of Natural History and James Clark from George Wash- 
ington University.'4 Several specimens of a turkey- 
sized bird named Mononykus olecranus provided the first 
evidence that a highly aberrant, flightless lineage of 
birds evolved during the Cretaceous. Mononykus was 
startling because its forelimbs are profoundly short- 
ened, and there is only one massive finger in its hand. 
The arms of Mononykus seem more suited to digging 
than flight. Whatever it was doing with its arms, 
Mononykus could certainly not fly. 

So weird is this little creature that its identification 
as a bird prompted a storm of criticism from a host 
of paleontologists.!? While acknowledging that the 
hip and shortened fibula are birdlike, Zhang Zhou 
argued that these are convergent similarities, reflect- 
ing its bipedal way of life rather than its ancestry.!® 
If this sounds like déja vu, it is because Harry Seeley 
launched the same criticism at Thomas Huxley a 
century ago, to attack the hypothesis that birds 
are closely related to dinosaurs. But like Seeley, the 
critics have no alternative genealogical hypothesis. 
If Mononykus is not a bird, then where does it fit? 
Why does it have a keeled sternum, like other 
omithurines? Why does Mononykus have fused wrist 
bones, a bony sternum, and a pelvis with a back-turned 
pubis, like other mainraptors? Why does Mononykus 
have a shortened tooth row, a stiff tail, and a tall 
ascending process in the ankle, like other tetanurines? 
Why is its skeleton hollow and its foot equipped with 
a first toe set far below the ankle joint, like other 
theropods? 

The weird, dwarfed forelimbs of Mononykus are the 
source of controversy, because they seem so unbird- 
like. However, other theropod lineages have evolved 
dwarfed forelimbs. Tyrannosaurids are the most 
famous extinct theropods with dwarfed forelimbs, and 
Carnotaurus, a recently discovered basal theropod from 
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Many theropods besides Mononykus have independently evolved 
dwarfed forelimbs. A very simple genetic mechanism may have 
controlled these seemingly complex evolutionary changes. 
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Argentina, also had dwarfed forelimbs. And dwarfed forelimbs characterize a 
diversity of living birds, including some rails, the penguins, kiwis, ostrich, 
emu, and rhea, as well as the extinct Cretaceous foot-propelled diver named 
Hesperornis, a more recently extinguished lineage of flightless ducks from 
Hawaii called moa-nalos, and other flightless fossil birds of the Cenozoic. 
Moreover, the arms, wrists, and hands in flightless birds differ in the shape 


“and function of the bones. Convergent evolution produces structures that 


function similarly but differ radically in anatomical details. So everyone 
agrees that forelimb dwarfism must have evolved several times within birds 
and their extinct theropod relatives. The alternative would be to argue that 
tyrannosaurids, penguins, and flightless ducks are each other's closest rela- 
tives, and no one has ever suggested this. 

Embryologists discovered long ago that “dwarfing” of the forelimb is not a 
terribly complicated phenomenon. A diversity of natural mutations produce 
limb dwarfing, and other mutations have been experimentally induced in the 
laboratory. Several drugs induce limb dwarfing, including thalidomide, which 
was inadvertently and tragically discovered to dwarf the limbs in human babies 
whose mothers took it during pregnancy. Invariably, these drugs must be 
applied at a specific time during development to have this effect. Natural fore- 
limb dwarfing and complete winglessness have also been studied closely.!” 
Naturally occurring genetic mutants have been bred in the lab to create pure 
strains whose members carry the mutant gene. One such strain of labora- 
tory chickens displays the lethal wingless syndrome, which is tied to 


a simple recessive gene. The shoulder bones develop normally, but gø > 


the wings are either reduced to small nubs or completely absent. 


Mononykus represents Alvarezsauridae, 
a weird lineage of flightless bird that 
died out at the end of the Cretaceous. 
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The legs are less severely affected, with only minor malformations in the foot. 
There are other complications of this syndrome, and the chicks die soon after 
hatching. Thus, one specific gene can’t be generally responsible for forelimb 
dwarfing in theropods. Nonetheless, it shows how a simple genetic mechanism 
might have induced forelimb dwarfing several times over the course of thero- 
pod evolution. 

Two flightless birds similar to Mononykus were recently discovered in Late 
Cretaceous deposits of Argentina. The first, named Alvarezsaurus, was origi- 
nally interpreted as a nonavialian theropod. But further study of its skeleton 
and the discovery of Mononykus have established that Alvarezsaurus and 
Mononykus are close relatives.'!® The second was recently announced by Fer- 
nando Novas of the Argentine Museum of Natural Sciences, who named it 
Patagonykus.'? These three taxa mark a lineage—Alvarezsauridae—that was 
widely distributed by the end of the Mesozoic. 


ORNITHOTHORACES: INTO THE TREES 


The lineage known as Ornithothoraces includes all birds that are closer to oana iii 

modern birds than to Alvarezsauridae. Here, we see an important step toward ornithothoracan and carinate birds, 
the evolution of flight capabilities of modern flapping birds. Early members in association with more maneuverable 
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skeletal modifications that suggest enhanced flight 
maneuverability.2° Specifically, they had the ability to 
fly slowly without stalling. This is critical for navigating 
through complex three-dimensional spaces, such as 
flying through branches to land and perch. 

One shoulder bone, called the coracoid, trans- 
formed into a robust strut that displaced the shoulder 
joint upward, away from the sternum. This increased 
the leverage of the flight muscles generating the 
power stroke, principally the pectoralis muscle. It also 
created a pulley system for a muscle anchored to the 
sternum that raises and repositions the wing in 
flight—the supracoracoideus muscle. These enhance- 
ments probably locked the arm into functioning exclu- 
sively for flight. 

A recent discovery in Early Cretaceous rocks of 
Spain by José Sanz and his colleagues shows that the 
wings of ornithothoracan birds are equipped with the 
bastard wing or alula.*! The bastard wing is formed by 
a feather that grows from the tip of the tiny thumb, 
and it creates a wing-slot along the leading edge. By 
extending the thumb, the slot can be opened to help 
prevent turbulent flow that causes stalling. The alula 
and its wing-slot were critical features in the evolution 
of low-speed, maneuverable flight. 

Finally, the vertebrae in the rear half of the tail 
fused during early development to form the pygostyle, 
the solid bony structure that supports the tail feath- 
ers. As noted earlier, Richard Owen first observed that 
the pygostyle begins development as a series of sepa- 
rate elements, which correspond to the individual tail 
vertebrae in Archaeopteryx. The separate elements con- 
solidate early in development to produce the 
pygostyle, recapitulating the evolutionary sequence 
from separate to fused tail vertebrae. Consequently, 
the bony tail of adult ornithothoracan birds is much 
shorter and has fewer parts than in Archaeopteryx. 

The pygostyle enabled the tail feathers to move 
rapidly over broad arcs. The tail feathers could now be 
fanned and rapidly reoriented both vertically and 
horizontally during flight to control lift and direction 
precisely. Overall, early ornithothoracans were more 
powerful and maneuverable flappers than Archaeopteryx, 
more capable of the complex navigation required to fly 
among the branches and land in the trees. 

The pygostyle also marked the beginning of a sub- 
tle shift in the way birds walk. In Archaeopteryx and 
more primitive bipedal dinosaurs, the long bony tail 
anchored massive muscles that pulled the thigh back- 
ward. This retraction of the limb at the hip provided 


The alula is a feather extending from digit | in ornithothoracan 
birds, like this falcon (a, b). Cross sections through two wings 
in slow flight demonstrate turbulence above the wing that can 
cause stalling (c), and the effects of the alula which enhances 
slow-speed flight (d). 


and lizards. But with the reduced ornithothoracan tail, the muscles that 


the power stroke for walking and running, much as it does in living crocodiles 
id 
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retract the thigh were also reduced. These muscles are still present in mod- 
` ern birds, but are tiny in comparison to those of crocodiles. Therefore, the 
range of movement in the bird hip is limited, and the thigh rotates across a 

somewhat smaller arc than in more primitive theropods. To compensate, 
j greater movement takes place at the knee, which in ornithothoracans is 
» flexed and extended over a greater arc. 
Ornithothoracan birds also have a simplified foot. In their ancestor, the 
+ fifth metatarsal disappeared and with it went all vestiges of the fifth toe. As 
í noted earlier, this transformation is recapitulated in bird development, where 
a thin split is briefly present, only to disappear before hatching. 

The oldest ornithothoracan is probably Noguerornis, which was discovered 
in the 1980s in Early Cretaceous deposits of northern Spain that are slightly 
younger than the Solnhofen limestone.?? Noguerornis was a finch-sized bird 
with large wing surfaces that possibly enabled the powerful bounding type of 
flight typical of sparrows and finches. A slightly younger but more complete 


The vertebrae forming the end of the tail 
in ornithothoracan birds became fused 
together to form the pygostyle. 


omithothoracan from Spain is Iberomesornis.2? About the same size as Nogueror- 
nis, it had slightly longer arms and a perching foot that may signal the origin 
of arboreality in birds. Several other basal ornithothoracans, known from Early 
Cretaceous rocks of China and Mongolia, offer evidence that a global diversi- 
fication of flapping birds was under way by that time.?4 


ENANTIORNITHES 


Entirely unknown twenty years ago, the enantiornithine lineage is now known 
to have been diverse and widespread in the Cretaceous.” Representative fos- 
sils were actually collected over a century ago, but they were misidentified as 
nonavian dinosaurs or as members of modern bird lineages. Enantiornithine 
birds have been recovered primarily from terrestrial deposits, suggesting that 
the lineage radiated widely across the continents, but they never evolved into 
shorebirds or seabirds. Enantiornithines are found in Early Cretaceous 
deposits in China and Spain, as well as Late Cretaceous deposits in North 
America, South America, and Australia. Over the course of its 70 million year 
history, the lineage diversified into species with many different sizes and 
shapes. Early enantiornithines were small, sparrow-sized birds that were 
strong flyers. By the end of the Cretaceous there were turkey-sized forms with 
wingspans of more than 3 feet, stilt-legged waders, and powerful runners. 

Enantiornithines are sometimes referred to as “opposite birds” because 
their feet grew in an opposite pattern from other 


birds. Alan Feduccia of the University of North Caroli- \ 
na and several colleagues argue that Enantiornithes, > 
plus Archaeopteryx and Confuciusornis, comprise a lineage a 


named “Sauriurae,” which is the sister lineage to all other 
birds.2° They claim that fusion among the foot bones 
begins near the ankle and proceeds downward. In other birds, 
fusion begins in the middle of the foot and grows in both 
directions. But these are points of resemblance instead of 
evidence for close relationship, because, as we have seen, 
apart from being members of the Avialae lineage, 
Archaeopteryx and enantiornithines lie within different 
hierarchies. Based on its position on the phyloge- 


Enantiornithine birds were unknown 
two decades ago, but they are now 
represented by a diversity of Cretaceous 
species. This skeleton illustrated 

at nearly life size, is a composite, 
based on several recent discoveries 
of incomplete skeletons. 
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netic map, fusion in the foot bones characterizes all ornithothoracan birds, 
and variations on the pattern of fusion such as that in enantiornithines 
evolved within the group. There is no evidence to suggest that “Sauriurae” is 
a natural group, so it cannot be plotted on the evolutionary map of early birds. 

A flightless lineage of extinct ornithothoracan birds that can be mapped is 
Patagopteryx, from Patagonia. This chicken-sized bird lived during the Late Cre- 
taceous and was probably a good runner, like its more primitive dinosaurian 
relatives. The pelvis lost the pubic boot so distinctive of its more primitive 
tetanurine relatives. Therefore, Patagopteryx may be a step closer to modern 
birds than the enantiornithines.?” 

In contrast to what we learned as grad students, a rich diversity of birds 
shared the landscape with their more famous Cretaceous relatives such as 
Deinonychus, Velociraptor, and Tyrannosaurus. But like them, alvarezsaurids, enan- 
tiornithines, and Patagopteryx all became extinct at or near the end of the 
Cretaceous. 


CARINATES: AIR AND WATER 


Carinate birds are advanced in the structure of their skulls and flight appara- 
tus. The respiratory passages through the snout, in front of the eyes, may have 
housed large structures known as turbinates. We will discuss these interest- 
ing structures later, when we investigate the issue of warm-bloodedness in 
dinosaurs. The sternum of carinates has a greatly deepened keel, indicating 
another step in the evolution of powerful flight muscles. The trunk is also 
short and stout compared with more primitive 
dinosaurs, with less than twelve vertebrae between 
the base of the neck and the pelvis. This short stout 
trunk enhanced powered flight by providing a rigid 
armature for attaching larger flight muscles and absorbing 
greater forces during landing. 

Several carinate lineages are known from fos- 
sils found predominantly in marine rocks. 
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Several of the most characteristic 


features of carinate birds are the 
shortened trunk and a deep keel on the 
breastbone. Pictured here is Ichthyornis, 
the most completely known member 
of Ichthyornithiformes, a lineage of 
Cretaceous seabirds. The skeleton, as 
illustrated here, is nearly life size. 


Hesperornithiformes is a lineage of 
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They represent the first of several aquatic 
invasions by dinosaurs. Many later lineages 
evolved a lifestyle tied to the oceans, but based 
on our present evolutionary map, they did so indepen- 
dently from terrestrial ancestors. One marine lineage, called 
Ichthyornithiformes, includes a Cretaceous seabird named Ichthyornis 

and a few related forms. Ichthyornis was a powerful flyer, like modern peli- 
cans or frigate birds, but it was not a close relative of either.28 

A better known Cretaceous seabird lineage is Hesperornithiformes, found 
in Asia, Europe, and North America. These distinctive birds were entirely 
flightless, with dwarfed forelimbs formed only by a splintlike humerus. The 
rest of the wing was lost. Hesperornis and its close relatives were foot-propelled 
diving birds.?? The pelvis was elongated and the feet were located at the back 
of the body, like modern penguins and loons. They probably used their feet for 
propulsion under water or while swimming across the surface. These birds for- 
aged for food along the coastlines of the shallow seaways that crossed North 
American and Asian continents during much of the Cretaceous, living on fish 
and other marine organisms. They must have been very ungainly on land and, 
apart from nesting, spent most of their lives in the water. 

The oldest carinate is probably Ambiortus from the Early Cretaceous of 
Mongolia.?° Known only from fragmentary fossils, Ambiortus was a terrestrial 
bird, like most of the lineage. The fossil records of both Ichthyornithiformes 
and Hesperornithiformes begin in the Early Cretaceous and disappear about 
5 million years before the end of the Cretaceous. 


the end of the Cretaceous. 


SCARCE AS HEN’S TEETH 


Aves is the lineage that includes the common ancestor of all living bird 
species, and all its descendants.?! As we will see at the height of its diver- 
sity, a few thousand years ago, Aves included more than 12,000 and perhaps 
as many as 20,000 species of birds. A distinctive characteristic of Aves is the 
complete loss of teeth. Modern birds even lose the egg tooth, which evolved 
at the same time as the amniotic egg, to help the embryo break out of its 
shell. Although many people refer to an “egg tooth” in modern birds, the 
structure in question is really the caruncle, a horny spike that grows at the tip 
of the beak. The true egg tooth is a real tooth, with layers of dentine and 
enamel, like other teeth. Even this tooth is absent in birds, and no natural 
atavisms—birds with teeth—have ever been observed. 

Replacing the teeth is a horny beak or bill. As the hands and arms of birds 
became increasingly modified and committed to flight, they lost the grasping 
ability of earlier theropods for capturing food and manipulating objects. This 
is where the strong toothless beak comes in. The upper bill became movably 
hinged to the skull in front of the eyes, and a series of levers coupled its move- 
ment to that of the lower jaw. As the lower jaw dropped, the upper beak raised. 
This provided unparalleled versatility, and a vast diversity of specializations 
evolved from this basic mechanism through subsequent modification in the 
beaks and the lever system between them. Modern birds can tear flesh, build 
nests, drink nectar, and perform many other functions with their beaks. 

In birds, teeth may be gone but they are not forgotten. In a laboratory 
experiment, embryologists induced embryonic tissues around the mouth of 
an unhatched chick to differentiate into tooth buds—the first stage of tooth 
development.?* Thus, the genetic program for growing teeth has been con- 
served in birds, but a regulatory gene has switched off the program or 
blocked it in some other way. As the genetic control for development is 
mapped in greater detail, we may see embryologists reengineer other ancient 
structures in some modern birds. 

In addition, there is a greatly enlarged brain in Aves compared with other 
theropods. This potentially fascinating distinction is as yet largely unstudied, 
but the structures responsible for integrating sensory and motor information 
are clearly enlarged. More volume means more neurons, and more neurons 
provide greater computing power for gathering, filtering, and coordinating 
sensory information. Greater computing power also enhances the integration 
of muscular actions and responses to environmental stimuli. 
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One of the most characteristic features 
of Aves is the complete loss of teeth. 
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WARMER BLOOD 


A war erupted in the early 1970s over whether dinosaurs were warm-blooded. 
By the time we reached graduate school, the media and scientific press had 
escalated the issue to global proportions. After a quarter century of debate, 
where does the scientific community stand today? 

First, we should take a closer look at the problem. Today, only mammals 
and birds are warm blooded. This means that they maintain a constant body 
temperature that is comparatively high, and that they do this through the 
generation of heat via the metabolic activities of the cells. Warm-blooded 
animals are technically known as endotherms. They have an increased 
capacity for longer periods of high activity and a greater independence from 
ambient environmental temperatures. This has helped endotherms to colo- 
nize all parts of the globe. The alternative physiological condition, from 
which mammal and bird physiology evolved, is known as ectothermy. In 
ectotherms, body temperature varies more directly with the ambient envi- 
ronmental conditions. It may be higher or lower than in a given endotherm, 
depending largely on environmental conditions. Bursts of high activity can- 
not be sustained, and environmental conditions tend to be more limiting for 
ectotherms. 

For all its seeming advantages, endothermy comes at a high cost. Even with 
layers of insulation, like feathers in birds and hair in mammals, heat is contin- 
ually being lost to the environment. To keep their bodies at a constant tem- 
perature, the metabolic “engines” of endotherms burn about five to ten times 
the amount of oxygen as do ectotherms of comparable size. So, endotherms 
usually require constant supplies of food, water, and oxygen to sustain them- 
selves. The question of our generation was: Were dinosaurs endothermic like 
mammals and birds, or ectothermic like other reptiles? 

In one sense, the question of whether dinosaurs evolved warm blooded- 
ness can be decisively answered from our map of dinosaur phylogeny. Birds, 
living dinosaurs, are unquestionably warm-blooded. So, some dinosaurs— 
in fact most dinosaurs—are endothermic. But such an answer still begs the 


Living birds have a larger brain than 
their relatives among extinct theropods. 


question of when in dinosaurian history endothermy arose. Were all dinosaurs 
endothermic, or only birds, or some combination in between? Did 
endothermy evolve in gradual steps or suddenly in one step? 

The charge in this paleontological debate was led by Bob Bakker, who 
provocatively claimed that all dinosaurs are endothermic.?? Like Richard 
Owen, Bakker was influenced by anatomical clues for an upright posture, 
such as the in-turned femoral head. But Bakker went beyond Owen’s conclu- 
sions and argued that upright posture demanded endothermic physiology in all 
dinosaurs. Bakker argued that advanced metabolic machinery was required 
because he thought that muscular activity is what held the limbs against the 
body. But by measuring the metabolic costs of locomotion in living reptiles, 
mammals, and birds, experimental physiologists found that simply having an 
upright posture does not require an elevated metabolic rate. The cost of 
standing, in terms of the amount of oxygen consumed, was hardly different 
in a mammal or a lizard.*4 Moreover, modern crocodylians are capable of 
spectacular bursts of activity by pulling their hindlimbs into an erect position 
when doing the “high walk’—a fast walk that is almost a run. They just can’t 
do this for long periods because their muscles quickly fatigue from the 
buildup of lactic acid. So, an upright posture doesn’t necessarily indicate 
endothermy. 

Bakker also argued that relative abundances of fossil carnivores and her- 
bivores can be used to infer physiology, but this has been a limb that few 
other paleontologists are willing to crawl out on. Few are willing to accept 
that the fossil record, so dependent on the vagaries of preservation and con- 
taining such huge gaps, preserves the actual abundance of different kinds of 
dinosaurs in living communities, or that census numbers of fossils necessar- 
ily bear on the physiology of the population. As we saw in Chapters 7 and 8, 
the completeness of the stratigraphic record is quite variable and in many 
locations probably preserves little of an ancient community's structure. Our 
sample size of fossils and extinct communities is so small that few scientists 
accept the relative abundance of fossils as a very sound datum. 

Additional arguments have been advanced by different researchers in sup- 
port of endothermy in all dinosaurs.?? Speeds inferred from Mesozoic track- 
ways are alleged to indicate that dinosaurs moved at higher than average 
velocities, which in turn was alleged to signal higher metabolic levels. But 
most trackways are of dinosaurs walking at slow speeds and only a few short 
trackways preserve any evidence of higher speeds—for whichever dinosaur it 
was that left them. The geochemistry of fossil bones was also presented in 
support of warm-bloodedness.?© However, so little is known about the geo- 
chemical effects of being buried, and so few dinosaur fossils have been stud- 
ied in this way, that few scientists trust the results. For a time, scientists 
argued that the biogeography of Mesozoic dinosaurs and their global distri- 
bution suggests that nonavian dinosaurs were ectotherms. As we saw earlier, 
the discovery of a rich fauna of dinosaurs from Alaska’s north slope, which 
was inside the Arctic Circle even in the Cretaceous, indicated that the bio- 
geographic pattern is more complicated than was previously thought. 

More recently, two independent lines of skeletal evidence have been pre- 
sented as evidence of endothermy in at least some Mesozoic dinosaurs. Both 
suggest that the ancestral carinate was physiologically closer to modern 


birds in the way it breathed and the way it grew, implying elevated meta- 
bolic levels. This connection was discovered by John Ruben of Oregon State 
University, who argued that to sustain high levels of activity for prolonged 
periods, endotherms needed a constant high supply of oxygen.?” Birds and 
mammals have a supercharged heart and lung system that pumps more 
blood and more air than their cold-blooded relatives. Birds are even aided by 
the blind air sacs and pneumatic cavities that branch throughout their bod- 
ies and even invade their bones. Modern birds can deliver high quantities of 
oxygen to the muscles even during extreme exercise, by breathing faster to 
pass more air across their respiratory membranes. Birds deliver about fifteen 
times more oxygen to their muscles than ectothermic reptiles, whereas mam- 
mals deliver six to ten times that amount. The increased oxygen supply 
enables the cells to metabolize aerobically, in contrast to the anaerobic 
metabolism of cold-blooded vertebrates. This cleaner metabolic engine per- 
mits long, sustained periods of high activity without the debilitating build up 
of lactic acid. Modern birds could not sustain long flights without having this 
aerobic metabolism sustained by their powerful heart-lung system. 

Ruben suggests that a series of scrolled bones or cartilages called respira- 
tory turbinates, which lie inside the nasal chamber along the respiratory pas- 
sage in birds and mammals, is correlated to endothermy. He argues that small, 
warm, fast-breathing birds or mammals can potentially lose a lot of water 
vapor very quickly. As cool air enters the lungs, it becomes warmed and satu- 
rated with condensing water vapor. Without a mechanism to retain body mois- 
ture while exhaling, dehydration would severely restrict the scope of activity 
unless an unlimited supply of water were available. Birds and mammals cir- 
cumvent this limit through the respiratory membrane that covers the elaborate 
turbinates. Living carinates all have respiratory turbinates. Hesperornis may 
also have had turbinates, judging from the shape of the nasal chamber in front 
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In noncarinate dinosaurs, such as 
Velociraptor, the respiratory 
passageways are simple tubes. 

In carinates, the passageway is 
filled with scroll-like turbinate 
bones, which capture water from 
exhaled air, to help prevent 
dessication during breathing. 


of its eyes. However, turbinates are easily lost during decay and burial, and so 
far, despite claims to the contrary, they have not been verified in any Mesozoic 
dinosaur. On the mammal side of the amniote tree, moreover, there is evidence 
from CAT scanning of Mesozoic fossils that the turbinates arose in several 
steps, so the picture may not be so clear as Ruben’s argument suggests. 
Moré bony clues pointing to endothermy have been suggested by the 
microscopic patterns of bone growth, which may indicate whether a bone 
underwent continuous, uninterrupted growth, or if there were periods in which 
growth stopped. This line of evidence was first championed in the 1970s by 
Armand de Ricqlés of the University of Paris, and Anusuya Chinsamy of the 
South African Museum recently carried the technique further.’ Both have 
studied modern birds along with Mesozoic dinosaur specimens. Bones of 
enantiornithines and more distant relatives grew discontinuously, with long 
dormant periods that produced growth lines visible in microscopic cross sec- 
tions of the bones.?? Similar growth lines are found in modern ectothermic 
reptiles—crocodylians, lizards, and turtles—in which there is seasonal growth. 
But in carinates, no growth lines are reported. Chinsamy and colleagues argue 
that an elevated metabolic rate and warmer body may have insulated carinates 
from seasonal temperature fluctuations that can affect the physiology and 
growth in ectotherms. So far, not many species of either living or extinct 
dinosaurs have been studied, so these conclusions await further testing. 


ANCIENT DNA 


In Michael Crichton’s fantasy Jurassic Park, DNA was recovered from the stom- 
achs of Cretaceous mosquitoes that were trapped in amber shortly after suck- 
ing dinosaur blood for their last supper. A recent claim by Scott Woodward of 
Brigham Young University and colleagues that fragments of DNA molecules 
had been extracted directly from Cretaceous dinosaur bones*? seemed to put 
us on the scientific road to Jurassic Park. A modern technique called poly- 
merase chain reaction (PCR) enables biologists to amplify extremely tiny 
amounts of DNA into samples large enough that researchers can measure 
the characteristic sequences of nucleic acids. With such a genetic blueprint 
for an extinct dinosaur, could we implant this DNA into a living egg and clone 
a Mesozoic beast? 

Using PCR, Woodward and colleagues measured several short DNA 
sequences. But when they were compared to those of modern reptiles, the 
sequences showed no special similarities to any. Blair Hedges of the Universi- 
ty of Pennsylvania and Mary Schweitzer of the University of Montana later 
demonstrated that the DNA sequences are probably human—an artifact of 
human contamination of the original sample.4! More importantly, Hendrik 
Poinar of the University of Munich and his colleagues reported evidence that 
DNA quickly decays, in a process known as racemization.*? Over a scale of hun- 
dreds to thousands of years, DNA is relatively stable. But on a scale of millions 
of years, racemization leads to severe deterioration of original structure. Apart 
from environments like amber, which embalm and preserve the soft tissues, it 
looks unlikely that we will ever obtain DNA from Mesozoic dinosaurs. 

Even if we could somehow recover Mesozoic dinosaur DNA from amber, 
we would need not just DNA fragments but a complete, intact genome. 
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Building a living sauropod or ceratopsian from fossil DNA fragments would be 
like trying to build and launch the space shuttle using something as fragmen- 
tary as the Dead Sea scrolls for an instruction manual. A second problem is 
that complex feedback mechanisms exist between the DNA in different near- 
by genes, as well as with various parts of the host cells and surrounding tis- 
sues. Only through this feedback can the right switches be thrown at the right 
time to produce a functioning, viable living organism. Without the proper and 
specific feedback from the egg containing the cloned DNA, there is little hope 
that development will proceed very far before something goes wrong and the 
embryo dies. 

So, even though we are a long way from cloning extinct dinosaurs using 
Mesozoic DNA, a door to the genetic past may stand slightly ajar thanks 
to embryology of their modern descendants. But regulating the growth of a 
bird embryo is an enormously complex process that presents science with a 
vast, unexplored terrain. Much of the ancient genetic history of birds may be 
erased, and the scientific road to Jurassic Park now appears infinitely long. 
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new landscape of opportunities for themselves and their offspring. The 
famous adaptive radiation of finches and tortoises on the Galapagos Islands 
profoundly shaped Darwin's ideas on evolution and natural selection. Archi- 
pelagos, lakes, caves, and rift valleys may all serve as spawning grounds for 
adaptive radiations by providing isolation from parent populations and new 
ecological opportunities for the proliferating species. The impact of an adap- 
tive radiation upon the local economy of nature can be far reaching. 
Nonavian dinosaurs underwent an adaptive radiation during the Mesozoic 
that generated the hundreds of species and enormous diversity of shapes 
described earlier! But that was just the beginning. The adaptive radiation of 
avian dinosaurs was even greater, yielding more than 9,000 living species and 
thousands more that arose and became extinct over the course of their Tertiary 
history. Because birds occupy most of the paths on the dinosaurian map, pale- 
ontologists have begun to ask how the diversity of the entire dinosaurian lin- 
eage was affected at the end of the Cretaceous? When did the great adaptive 
radiation of birds begin, and what environmental factors may have triggered it? 
Alan Feduccia of the University of North Carolina and his associates con- 
tend that birds underwent a Mesozoic proliferation before being nearly 
wiped out at the end of the Cretaceous.” Only a single lineage crossed the 
K-T boundary, but this was followed by an explosive adaptive radiation of 
birds in the 5 to 10 million years following the great extinction. Like the 
Phoenix, modern birds rose from the ashes, reborn from a lone Tertiary sur- 
vivor. According to this hypothesis, that post-extinction explosive radiation 
over the last 65 million years generated the 9,000 species alive today. 
Feduccia argues that birds and mammals both experienced parallel, con- 
temporaneous episodes of Mesozoic diversification and extinction before 
radiating explosively in the Tertiary. An extraterrestrial event, like an aster- 
oid impact, probably shaped the common course of evolution for both. 
These biologists reject the idea that birds are the descendants of Mesozoic 
dinosaurs. Instead, they argue that the hierarchy of similarities outlined in 
the preceding chapters represents convergent evolution, and that the roots 
of avian evolution remain shrouded in mystery. Once again, we cross paths 
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about the history of avian diversity- 
depicts an episode of Mesozoic 
diversification that was nearly chopped off 
at the K-T boundary. The catastrophic 
extinction was followed by an 
“explosive” Tertiary radiation of modern 
birds from a small group of survivors. 


with scientists using the theory of homoplasy to explain the resemblance 
between birds and dinosaurs. 

The opposing view actually represents a much older idea recast in a mod- 
ern phylogenetic mold. It points to the beginning for modern avian diversifi- 
cation on the map of theropod dinosaurs in the Early or mid-Cretaceous. 
Although there were losses at the end of the Cretaceous, birds flew across the 
K-T boundary relatively unscathed. The modern architects of this view are 
Joel Cracraft and Luis Chiappe of the American Museum of Natural History. 
Cracraft was a pioneer in using cladistic methods for phylogenetic analysis, 
which he applied to mapping the early history of birds.? Chiappe, who has 
handled nearly all of the known Mesozoic bird specimens, is extending 
Cracraft’s map to include new discoveries of fossil birds.4 By plotting Meso- 
zoic birds on the evolutionary map with the help of computers, these and 
other scientists point to evidence for an ancient diversification of modern 
birds.’ Although birds suffered some Late Cretaceous losses, the common 
ancestor of living species is twice as old as suggested by Feduccia’s Phoenix 
hypothesis. If this hypothesis is true, avian history was shaped by much slow- 
er, terrestrial processes. 

Did birds rebound from a catastrophic near miss with extinction? Did the his- 
tory of birds parallel that of mammals in an explosion of Tertiary diversification? 
Both of these hypotheses are predictive and can be tested to some extent. To 
see how this is done, it is helpful to first examine how biologists map diversity 
through time and deal with the incompleteness of the fossil record. 


DISCOVERING GHOSTS 


One of the grandest pre-Darwinian portrayals of the history of life’s diversity is 
the division of the geologic timescale into three successive ages. First came the 
Age of Fishes (Paleozoic), followed by the Age of Reptiles (Mesozoic), and then 
the Age of Mammals (Cenozoic = Tertiary + Quaternary). When these names 
were coined, there were no tetrapod fossils known from Paleozoic rocks, so the 
Age of Fishes seemed a fitting title. Reptiles first appeared in younger Mesozoic 
rocks. Mesozoic bird and mammal fossils were unknown, so the Age of Reptiles, 
which became The Age of Dinosaurs in Richard Owen’s hands, was another 
appropriate title. The Age of Mammals was named because giant reptiles were 
absent and instead mammals were abundantly preserved throughout the 
Cenozoic fossil record. 

The discovery of Mesozoic mammals, which did not belong in the Age of Rep- 
tiles, was a shock to the nineteenth-century scientific community. A few years 
later, the discovery of Archaeopteryx produced the same shock all over again. As 
the fossil record grew, more fossils violated the boundaries between ages. The 
scientists most surprised by these discoveries were those who accepted the 
sequence of fossils as representing successive episodes of divine creation and 
biblical floods. But evolutionists had predicted the discovery of “missing links” 
between all the paths on the map of life. They argued that the known fossil 
record for any lineage is only a small sample of its complete history. Hidden 
paths of relationship extend deeper into the past to connect all fossil and mod- 
ern species on a single map of genealogy. Since the discovery of Archaeopteryx, 
this inference has been tested and confirmed by countless fossil discoveries. 
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Emerging from modern phylogenetic mapping is an even more vivid appre- 
ciation for these “hidden” lineages than the nineteenth-century evolutionists 
had. One fossil, accurately plotted on the phylogenetic map, can potentially 
provide new evidence on the time of origin for several lineages. Imagine two 
sister lineages, originating from an ancestral species that lived during the Cre- 
taceous, and both represented by living species. One lineage leaves fossils 
from the Cretaceous onward, while the sister lineage leaves no fossils at all. 
Because they are sister lineages (a hypothesis subject to independent phylo- 
genetic testing), then both must have been present together from the Creta- 
ceous onward. Although only one line is documented directly by Mesozoic 
fossils, the map indicates that both lineages successfully crossed the K-T 
boundary. 

The sister lineage that left no Mesozoic fossils is sometimes referred to as 
a ghost lineage, based on the work of Mark Norell at the American Museum 
of Natural History. Although ghost lineages cannot be seen directly in the 
fossil record, they exist on the phylogenetic map. One of the great strengths 
of any mapping enterprise is the capacity it generates to extrapolate between 
known species. Once plotted on the map, the ghostlike lines of inferred 
relationship can be identified and counted, revealing the diversity within 
tetrapods that was not captured by the preservation or discovery of fossils. 
Ghost lineages predict what the fossil record should eventually yield, so they 
can be tested through both field work and further phylogenetic analysis. 


If living lineages A and E are sisters, 
then both must have been present in the 
Cretaceous, and both must have survived 
across the K-T boundary. Although we 
have found no fossils for lineage A and 
have no idea of just how diversified it 
was in the past, we can connect its 
history in time to lineage E, which 

did leave a fossil record. The ages at 
left denote millions of years before 
present. (Extinct species are denoted 
by crosses.) 


The two competing hypotheses of avian diversification can be tested using 
the phylogenetic map for Cretaceous and living birds. Likewise, the claim 
that birds and mammals shared parallel histories can be examined by com- 
paring phylogenies for both lineages. So, with ghost lineages in mind, let's 
now examine the histories of mammals and birds. 


MESOZOIC MAMMALS 


Richard Owen played a major role in validating the first discoveries of 
Mesozoic mammals.’ Two tiny jaws of Jurassic mammals were discovered in 
the Stonesfield Slate of Britain, in 1812. Georges Cuvier identified them as 
Mesozoic mammals, linking them to living marsupials like the opossum. 
But many other contemporary naturalists rejected as impossible the idea 
that mammals lived in the Age of Reptiles. Yet, several more specimens 
were unearthed over the next few years. These fossils were surprising to 
Owen, but after personally inspecting them and comparing them to modern 
mammals, Owen convinced the scientific 

community that mammals were indeed 
present in England during the Age of Rep- 
tiles. Since then, many more Mesozoic 
mammals have been discovered. Scien- 
tists now universally accept that 
mammals were not only present 
in the Mesozoic, but that 
they had achieved a glob- 

al distribution long before 
the era ended.® 


CROSSING THE BOUNDARY 


Mesozoic mammals were rarely larger 
than the modern opossum, and they 
left little to the fossil record besides 
isolated jaws and teeth, the hardest parts 
of the skeleton. 
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Mesozoic mammals were uniformly small. Most were the size of modern 
mice and shrews, so their bones were poorly constructed for preservation in 
the fossil record. But their tiny teeth are much more durable. The mammalian 
dentition evolved to unparalleled levels of complexity and diversity during the 
Mesozoic. Teeth are very hard and last long after the rest of the skeleton is 
destroyed by natural processes. They can even pass through the intestinal 
tract of a predator and remain identifiable. So mammalian teeth are often fos- 
silized, but their very small size makes them difficult to find. About 30 years 
ago, a technique known as screen washing was developed to promote the 
recovery of tiny fossil teeth. Large volumes of sediments are sieved, produc- 
ing a concentrate rich in tooth-sized particles. The concentrate is then sort- 
ed under a microscope to pick out the teeth and other fossils. Although 
tedious and labor-intensive, screen washing has enabled paleontologists to 
successfully recover teeth from dozens of Mesozoic mammal species that 
have now been named. 

Some unbelievably rich fossil sites in several parts of the world provided 
complete jaws, skulls, and skeletons of Cretaceous mammals. These have 
been especially important for phylogenetic mapping. When only teeth were 
known, it was difficult to precisely map the relationships among Mesozoic 
mammals. A recent discovery from Greenland by Farish Jenkins of Harvard 
University and associates highlighted the problem.? Individual teeth of an 
extinct lineage named Haramiyidae had long been known from Late Triassic 
and Early Jurassic deposits in many parts of the world. After many years of 
speculating on what haramiyids looked like and who they were related to, 
Jenkins discovered a complete skull. The upper and lower teeth of the animal 
had been mistakenly identified as separate species, based on isolated teeth 
collected by earlier paleontologists. One species was named for the upper 
teeth while the other was named for the lower. The skull showed that the two 
“species” were parts of the same animal. Complete specimens provide a 
much stronger basis for phylogenetic analysis than teeth alone. 

It has long been clear that the Age of Mammals started well before the Age 
of Dinosaurs ended. But the true diversity of Mesozoic mammals is only now 
becoming clear as the Mesozoic fossils are plotted on phylogenetic maps. One 
important assemblage of fossil mammals, dating back about 85 million years, 
was collected over the last two decades by the late Russian paleontologist Lev 
Nessov.!° Without the assistance of a field vehicle, Nessov hitchhiked and 
walked vast distances while prospecting for fossils in remote regions of the 
Kyzylkum Desert south of the Aral Sea. He usually collected only what he could 
carry out with him. As a result, Nessov is one of the few paleontologists who 
praised Mesozoic mammals for their small size! Although he couldn't collect 
the dinosaur skeletons he found, he brought a great diversity of beautifully pre- 
served Cretaceous mammals to Saint Petersburg. 

Nessov’s American colleague David Archibald, who we met in Part I, was the 
first to plot these fossils on an evolutionary map of mammals.!! Some fossils 
preserve characteristics found only within the ungulate lineage. Today, ungu- 
lates are highly diversified and include horses, rhinos, tapirs, pigs, deer, ele- 
phants, hyraxes, whales, sea cows, and aardvarks. Archibald’s phylogenetic 
analysis placed some of the Kyzylkum fossils at the base of the ungulate line. 
Before Nessov's discoveries, ungulates were known only from Cenozoic rocks of 
North America. Most paleontologists thought that ungulates originated in 
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Tiny jaws from the Jurassic of England, 
». which are on the path to therian mammals, 
* provided some of the first evidence of 
Mesozoic mammals 


North America and later spread to Asia. But now our map indicates that the ori- 
gin and early diversification of ungulates began in Asia during the Cretaceous, 
where they crossed the K-T boundary. Ungulates later spread to North America 
via land bridges at the Bering Strait, and by island hopping across the North 
Atlantic, which was much narrower than it is today. 

In mapping Nessov’s fossils as Cretaceous ungulates, Archibald drew 
ghost lineages for many other mammalian groups into the Cretaceous, 
extending their suspected ranges 20 million years further into the past. 
Based on current maps, the lineages including modern sloths, rabbits, 
rodents, tree shrews, bats, and carnivorans had all originated and began to 
diversify by the end of the Cretaceous. It now looks as though even our own 
primate lineage originated in the Cretaceous and survived the K-T bound- 
ary. We haven't found their Cretaceous fossils yet, but the map predicts that 
with time and sweat paleontologists may eventually do so. Mapping both 
fossils and ghost lineages against time contradicts Feduccia’s argument— 
modern mammalian diversity is rooted deeply in the Age of Dinosaurs. 


MAPPING CRETACEOUS BIRD DIVERSITY 


The Mesozoic fossil record of birds reflects the same problems, only worse. 
Globally, there are only a few dozen named species of Mesozoic birds. It is 
difficult to establish the precise estimates due to the fragmentary nature 
and uncertain identifications of a large percentage of specimens. Shorebirds 


The solid black lines indicate the range 
of each lineage, based on known fossils. 
The green lines are ghost lineages that 
represent the approximate duration in 
time for each lineage, based on what we 
know about their relationships. 
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and waterbirds have the best fossil records, because they live close to 
potential burial sites. Terrestrial birds must withstand more abrasive trans- 
port by streams and rivers. The rarity of terrestrial bird fossils is a global 
problem that can be best appreciated on a local scale. For example, over the 
last three decades about 150,000 vertebrate fossils have been collected from 
rocks spanning the K-T boundary in Alberta and Montana by Berkeley's 
Museum of Paleontology. Only about 30 are birds, representing five differ- 
ent species.!2 Even more than mammals, our knowledge of Mesozoic birds 
has been hard-won despite decades of searching. Only now are we begin- 
ning to see the acceleration of Mesozoic bird discoveries that began with 
mammals three decades ago. 

Another problem is that important regions of bird phylogeny remain 
unmapped. This is ironic because birds have been a favorite subject of nat- 
uralists for centuries. A vast scientific literature of observations exists 
about breeding behavior, songs, nesting, migratory pathways, physiology, 


diet, embryology, and genetics. Many of the smaller roads on the map of (Below left) The anseriform lineage, 
avian phylogeny are now charted in some detail, but the connections which today includes ducks may be 
between some of the major avian highways are highly controversial. So it represented in the Late Cretaceous 
is hard to determine what unique and diagnostic features were present in by a fossil known as Presbyornis. 
the ancestors of many large modern groups. What would the ancestral (Below right) if the relationships of 
chicken or duck look like if you discovered it? Today, no one has trouble fossils from central Asian and the 


Antarctic peninsula are correctly 
mapped, then the lineage that included 
today’s loons (like this Great Northern 
Diver) had achieved a global distribution 
by the end of the Cretaceous. 


distinguishing between ducks and chickens, but we have yet to sort out 
exactly what the basal members of these groups looked like or to unequiv- 
ocally recognize their oldest fossil relatives. 

With these caveats in mind, what can we say about how birds fared dur- 
ing the K-T transition? The best-known Cretaceous bird fossils belong to 
Hesperornithiformes, Ichthyornithiformes, and Enantiornithes, which we 
met in Chapter 14. These and several others became extinct at or A 
before the end of the Cretaceous. However, other Cretaceous fossils -D NiS 


found around the world do not belong to any of these lineages, and they 
document an unsuspected diversity of Late Cretaceous birds. Some have 
been placed on the evolutionary pathways to living bird lineages, and they 
offer direct clues about avian survivorship across the K-T boundary. 

Expert opinions on precise placements of Cretaceous birds on the avian 
map vafy and are largely untested by phylogenetic analysis. Nevertheless, 
the consensus view is that four living lineages were present. The first is 
known as Anseriformes, which today includes about 151 species of ducks, 
geese, and screamers. Most anseriforms live and feed along the margins of 
bodies of water where they hunt for small animals and aquatic plants. With 
thick, waterproof plumage, anseriforms have navigated the world’s oceans 
and waterways and are found over much of the world. Many are migratory, fly- 
ing thousands of miles each year. Others have dwarfed forelimbs and are 
flightless. Many oceanic islands have endemic species, which live there and 
nowhere else. Fossil anseriforms have been found in marine and freshwater 
deposits throughout the Tertiary. From Late Cretaceous rocks of Vega Island 
along the Antarctic peninsula, a fragmentary skeleton has been identified as 
Presbyornis,!? which is otherwise known from well-preserved Tertiary fossils. 
Presbyornis is thought to be either a relative of the ducks or a more primitive 
anseriform.'* Another Cretaceous Presbyornis specimen is reported from Mon- 
golia.!? Only the fused metatarsal and ankle bones (the tibiotarsus) of one 
foot were found. 

A second modern lineage whose path begins in the Cretaceous includes 
the four living species of modern loons—Gaviiformes.'® Throughout their 
known history, loons have been waterbirds. Modern loons are foot-propelled 
divers, whose hindlimbs resemble Hesperornis in mechanical design. Loons 
have pointed bills and torpedo-shaped bodies for efficient swimming. They 
chiefly eat fish, but also dine on other marine life. Unlike Hesperornis, loons 


retain powerful wings and can fly great distances. With dense, compact ig 
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(Below left) This fulmar represents the 
modern procellariiform lineage—the 
tube noses. Notice the tube on the 
upper surface of the bill. 


(Below right) This European avocet 
represents the charadriiform lineage, 
which unquestionably extends into 
the early Tertiary and may be 
represented by Cretaceous fossils. 
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plumage they winter mostly at sea, living and feeding on the water for months 
at a time. The oldest fossil loon is Neogaeornis wetzeli, from the Late Cretaceous 
of Chile. This specimen was long mistaken for Hesperornis, until the U.S. 
National Museum's preeminent paleoornithologist Storrs Olson recognized it 
as a loon. Additional Neogaeornis material from Seymour Island, Antarctica, 
strengthens this identification. A third Cretaceous loon was recently discov- 
ered in Uzbekistan, from rocks about 20 million years older than Neogaeornis. If 
this identification is correct, then loons had dispersed widely across the globe 
long before the end of the Cretaceous. 

The third Cretaceous lineage is Charadriiformes, which today includes 
a vast diversity of birds that spend most of their lives around water. Most 
modern charadriiforms migrate; most are strong flyers; and many can dive for 
food. They eat crabs, mussels, insects, fish, snails, lizards, seeds, and some- 
times vegetation. The approximately 366 living charadriiform species repre- 
sent many distinctive lineages and include auks, avocets, coursers, curlews, 
gulls, murres, oystercatchers, plovers, puffins, sandpipers, skimmers, stilts, 
terns, and woodcock among others. Not all were present in the Cretaceous, 
but nearly a dozen species have been named for Cretaceous fossils found in 
North America and Asia.!’ Owing to their incompleteness, and to revisions 
of age estimates for the rocks from which many of the fossils have come, !® 
these identifications are possibly the most problematic and controversial 
among all the Cretaceous birds. However, charadriiforms are unequivocally 
represented by fossils from the first 10 million years of the Tertiary. 

The fourth modern lineage represented by Cretaceous fossils is known 
as Procellariiformes—the tube noses—which includes the 92 living species 
of albatrosses, shearwaters, and petrels. All of its modern members have 
hooked, deeply grooved bills with nostrils enclosed in a narrow tube that 
conveys excess salt secreted by the salt gland. With long, narrow, pointed 
wings, they are excellent flyers. Some have very wide wings for soaring great 
distances over water. The wingspan of the albatross reaches 10 feet, the 
greatest of any living bird. The Cretaceous fossil record of procellariforms is 
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All living birds belong either the 
neognath lineage, represented here by 
the domestic chicken Gallus gallus, or 
to the palaeognath lineage, represented 
here by the rhea, Rhea americana. 
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widely acknowledged in the literature. But it seems to rest largely upon frag- 
mentary wishbones from New Zealand and Mongolia.!? 

Additional modern lineages identified from Cretaceous fossils include 
cormorants, pelicans, tropicbirds, flamingos, and relatives of chickens and 
turkeys, as well as others. But, while possible, these identifications are based 
on even less secure evidence than the four lineages just mentioned. 

Adding ghost lineages that connect the known fossil species provides a 
more accurate estimate of the diversity of dinosaurs that crossed the K-T 
boundary than counting fossil species alone. Conservatively, if we accept 
as correct any one of the fossils now identified as anseriform, procellari- 
form, gaviiform, or charadriiform, then at least three major evolutionary 
paths of living birds were present in the Late Cretaceous. One of these is 
called Palaeognathae, which includes the modern ostriches and its rela- 
tives. The other is its sister lineage, Neognathae, which includes all other 
birds. Furthermore, the neognath lineage must have split into two distinct 
lines during the Cretaceous. The first includes the anseriforms plus the 
galliform birds (chickens, turkeys, and relatives). Its sister lineage includes 
all other neognathous birds. 

If all four of the alleged Cretaceous groups are correctly identified, 
then an additional dozen or more of today’s major living lineages must 
have originated in the Cretaceous. One lineage includes many of today’s 


If this map of relationships is correct, 
then nearly 20 major living bird lineages 
may have crossed the K-T boundary, 
even though very few are yet known 
from Cretaceous fossils. 
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large fish-eating birds—the greebs, loons, pelicans, frigate birds, gan- 
nets, cormorants, albatrosses, and petrels. From what we know of their 
relationships, at least three of these must have split off before the loons. 
Another Cretaceous ghost lineage leads to today’s pigeons, doves, cranes, 
herons, rails, gulls, auks, and other shorebirds. At least two major evolu- 
tionary trails had split for these birds during the Cretaceous. Another 
ghost lineage extending into the Cretaceous leads to the living raptorial 
birds the hawks, falcons, and owls. Still another leads to living swifts and 
hummingbirds, and still another leads to living kingfishers, woodpeckers, 
toucans, and songbirds. It is hard to say how diverse any of these lineages 
had become in the Cretaceous—only that the stem lineages for a great 
diversity of living birds were present. 

Alan Feduccia contends that the Cretaceous specimens are so incomplete 
that “regretfully, many must simply be ignored.””° But despite being incom- 
plete, phylogenetic systematists argue that their positions on the map of life 
can be generally plotted. After all, they can be identified as birds based on 
their hollow bones, the fused elements in the foot and ankle, and details of 
the shapes of other bone fragments. In some cases, they can be placed fairly 
precisely within Aves, fulfilling the aim of phylogenetic analysis. A major 
weakness of Feduccia’s Phoenix hypothesis is that it fails to account for much 
of the Cretaceous fossil bird record. 

Even if we were to accept Feduccia’s claim that most of the Cretaceous birds 
are too fragmentary to identify accurately, still other new mapping techniques 
trace the ghosts of many living bird lines into the Mesozoic. Alan Cooper of 
Victoria University, New Zealand and David Penny of Massey University, New 
Zealand examined the question of bird survivorship across the K-T boundary, by 
comparing DNA sequences from pairs of modern birds whose relationships 
were uncontroversial, using the differences in sequence as a proxy for the rates 
of evolutionary divergence.*! They calibrated the speed of evolutionary change 
using a well-established early Tertiary fossil record for the lineages. The only 
Cretaceous identification Cooper and Penny accepted was that of a loon, and 
even this identification was not critical to their results. 

From these calibrated speed estimates, Cooper and Penny calculated the 
minimum divergence time of the two members for each pair. By combining 
distantly related pairs of birds into quartets, they estimated the minimum 
divergence times between the pairs, and further refined age estimates for the 
original pair-wise comparisons. These were conservative estimates because 
if errors were made regarding relationships—if the pairs were more closely 
related than they thought—it would result in an artificially young divergence 
date. In addition to the lineages listed above, Cooper and Penny estimated 
that the parrot lineage and the passeriform lineage, which include several 
thousand living species of perching birds and songbirds, were both present 
in the Cretaceous and survived to the present. 


AT THE BOUNDARY 


When all the available evidence from ghost lineages is taken into account, 
it looks like both birds and mammals had diversified and become global- 
ly distributed by the end of the Cretaceous. But what happened at the K-T 
boundary? Was there a catastrophic loss of diversity? 


Let's look first at the record for mammals. As we saw in Chapter 7, only a 
few localities preserve vertebrate-bearing sedimentary rocks just above and 
below the K-T boundary, and all are in western North America. The most 
complete sequences of terrestrial rocks leading up to the boundary are in 
Montana and southern Alberta, where we can track species that were fos- 
silized in rocks of the Judith River Formation into the overlying Hell Creek 
Formation. These two formations intermittently span the last 10 million 
years of the Cretaceous. 

Dave Archibald and William Clemens have shown that in this region, the 
marsupials, which today include the kangaroos, opossums, and other pouched 
mammals, were hardest hit. Only one of eleven marsupial species present in 
the Cretaceous survived into the Tertiary. But Archibald also points out that 
marsupial fossils are rare, so sampling artifacts may significantly inflate the 
severity of loss.?? Marsupials disappeared altogether from North America very 
early in the Tertiary, but elsewhere marsupials evolved into about 259 living 
species, plus numerous extinct Tertiary species that have been found in many 
parts of the world. Given this success elsewhere, it is doubtful that the K-T loss 
of marsupial diversity in North America was representative of the rest of world, 
but without more evidence we can only speculate. 

Rodentlike multituberculates were present in the Late Jurassic and Cre- 
taceous, and had a global distribution. In North America, only 50 percent 
of the Cretaceous multituberculate species survived into the Tertiary. 
Locally at least, this group also took a big hit, but elsewhere in the world, 
the Tertiary record of multituberculates is not well known. So the loss at 
the boundary in Montana may or may not represent global diversity 
trends. Multituberculates survived in the Northern Hemisphere for 20 mil- 
lion years after the K-T extinctions before finally disappearing in the mid- 
Tertiary. 

The placentals comprise about 93 percent of modern mammalian diver- 
sity. By Archibald’s estimates they were not affected. We noted earlier that 
all six placental species found in the Cretaceous survived into the Tertiary. 
Based on what is known of placental relationships in general, there must 
have been a still greater diversity of placentals present elsewhere in the 
world. 

Overall, in western North America as many as 55 percent of the mam- 
malian species may have become extinct, but it is impossible to say that this 
number is representative of the world. It is clear that mortality was highly 
selective and varied from lineage to lineage. Available data indicate that pla- 
centals, which spawned the vast majority of post-Cretaceous mammalian 
species, were largely unaffected at the K-T boundary. 

How did Dinosauria fare at the K-T boundary? Most paleontologists 
agree that the nonavian dinosaurs all became extinct at or before the end 
of the Cretaceous, despite occasional claims to the contrary.?? The evi- 
dence for their post-Cretaceous survival consists almost entirely of isolat- 
ed teeth from rocks as much as 10 million years younger than the bound- 
ary. But all the physical evidence points to these rare teeth being reworked 
from older Cretaceous deposits. In every case, the teeth consist of isolat- 
ed, worn, and broken specimens with abrasions that record an extensive 
history of transport by water. Reworking is a common geological process, 
and dinosaur teeth are the densest and most durable parts of the skeleton. 
As the younger Paleocene streams cut down into underlying Cretaceous 
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sediments, they occasionally exhumed older remains, breaking them up 
and abrading them by tumbling the pieces further downstream before 
their second burial. The alleged Paleocene teeth are always more worn 
than the teeth collected directly from Cretaceous rocks, and no articulated 
skeletal parts have been found in Paleocene rocks. Without stronger evi- 
dence, it looks like all the nonavian dinosaurs were extinct by or before the 
end of the Cretaceous. 

Was their extinction rapid or gradual? Many paleontologists have now 
spent numerous field seasons trying to answer questions about changes in 
dinosaur diversity in North America. The pace of discovering new species is 
now slowing, and the current picture is more complete than for any other 
region. Despite the completeness, there are conflicting interpretations. 

As noted earlier, David Fastovsky of the University of Rhode Island and 
Peter Sheehan of the Milwaukee Public Museum interpreted their observa- 
tions of the latest Cretaceous Hell Creek Formation to be consistent with a 
geologically instantaneous extinction of all the nonavian dinosaurs, along 
with 88 percent of the terrestrial tetrapods found in the Cretaceous.?4 How- 
ever, Archibald and Laurie Bryant (now at the Bureau of Land Management) 
measured dinosaur diversity by surveying a broader time span, combined 
with a more fine-scaled stratigraphic sequence, and came to a different 
answer.” They tabulated a minimum of 32 species of non-avian dinosaurs 
in the Judith River Formation, but in the overlying Hell Creek Formation 
there are only 19 species—a 40 percent decline in the diversity of nonavian 
species during the 10 million years leading up to the K-T boundary. The 
proportion of this decline was greatest among ornithischians, with roughly 
66 percent of these species disappearing before the end of the Cretaceous. 
But only about 25 percent of the nonavian saurischians disappeared during 
this 10 million year interval. There is evidence to suggest that the 19 nona- 
vian dinosaur species from the Hell Creek died out in a very short time near 
the boundary. So, in western North America, the end for some species of 
nonavian dinosaurs may have been relatively quick, but their numbers had 
apparently been waning for several million years before the end of the 
Cretaceous. Whether this pattern holds for the rest of the world is uncer- 
tain. Globally, there are approximately 120 named species of nonavian 
dinosaurs that can be accounted for during the last 10 million or so years 
of the Cretaceous,7° but we do not know exactly when within this interval 
most of them died out. 

Among avian dinosaurs, there simply were not enough specimens rep- 
resented in the Berkeley collections for Archibald and Bryant to meaning- 
fully estimate changes at the boundary. On a global scale, the Hesperor- 
nithiformes and Ichthyornithiformes were evidently gone 5 million years 
before the end of the Cretaceous. Feduccia’s picture of a catastrophic 
extinction at the end of the Cretaceous is distorted because he failed to 
account for significant losses of avian diversity leading up to the bound- 
ary. Alvarezsaurids, Enantiornithines, and a few others made it to the end 
of the Cretaceous, or nearly so, but no further. But despite the losses lead- 
ing up to and at the boundary, a dozen or so separate lineages of living 
birds trace their origins back across the K-T boundary, and must have sur- 


vived whatever happened at the end of the Cretaceous. The available data 
suggest that the adaptive radiation of birds was well under way before the 
Mesozoic ended. 


THE BOTTOM LINE 


From a modern phylogenetic perspective, dinosaurs not only crossed the 
K-T boundary, they survive today in great abundance. But even though 
this aspect of dinosaur history has radically changed, some other things 
have remained the same. As in the nineteenth-century, many implications 
of the theory of evolution have been overlooked by the proponents of the 
theory of homoplasy. Those scientists still reject that birds are related to 
dinosaurs, arguing that the similarities in both ontogeny and phylogeny 
reflect convergent evolution. However, they offer no well-founded alter- 
native hypothesis of relationship. If birds are not dinosaurs, then where 
do they fit on the tree of life? Although claiming to be evolutionists, these 
scientists use methods that were championed a century ago by anti-Dar- 
winians seeking to discredit the theory of evolution. Without a body of 
supporting anatomical or genetic evidence, saying that birds evolved 
independently is little different from saying that they were separately 
created. 

There are similarities in the patterns of diversification for birds and 
mammals. But the patterns measured with phylogenetic maps suggest that 
both lineages originated long before the Mesozoic ended and steadily 
increased their diversity far into the Tertiary. The jury is still out in deciding 
exactly what happened at the K-T boundary. More meaningful estimates 
of changes in diversity across the K-T boundary will only come with path- 
by-path analyses, once more fossils are known, and as the individual 
evolutionary trails and ghost lineages are mapped in greater detail. 
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From the general patterns of their 
histories of diversification, it is evident 
that the Age of Mammals played out its 
entire history in the shadow of the 
dinosaurs. 
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Alan Feduccia wrote an influential book whose title, The Age of Birds, con- 
veys the important point that birds have outnumbered mammals throughout 
the Cenozoic. But he overlooks the fact that, from the Triassic to the present, 


dinosaurs have always been represented by more species than mammals. The 
Age of Dinosaurs is not over yet. 


| Diversification 
Sand Decline 


Boetics about ten times the number of M Mesozoic 
-= dinosaurs.! However, archeological research is revealing 
that today’s avian diversity is well below its all time peak, 
Skad that several houad more species were alive just a 
few thousand years ago. Bi before examining the porten- 
tous recent losses, we will survey the historic diversifica- 


tion of birds and investigate the circumstances behind the 


greatest exploitation of the land and sky by any vertebrate lineage. An 
appreciation for the history of diversification of living birds will help to clar- 
ify a series of mass extinctions possibly more severe than the one at the K-T 
boundary for the dinosaur lineage. 


ISOLATION AND DIVERSITY 


Multitudinous organisms populate the world today, most of whom originat- 
ed through different modes of speciation. Speciation is the great producer of 
diversity. In the case of birds and most other tetrapods, speciation involved 
geographic isolation of small populations followed by reproductive isolation. 
All birds reproduce sexually, like most other vertebrates, and this helps drive 
diversification. Apart from identical twins, every individual is different, with 
its own complement of DNA, and every individual has its own unique histo- 
ry in time and space. But as long as the members of a population or different 
populations can potentially interbreed, gene flow among them has a homog- 
enizing effect from generation to generation. Over time, the boundaries of 
variability may grow, shrink, or drift, yet we are still left with a single species. 

But if two populations become geographically isolated from each another in 
a way that prevents gene flow, each population has a smaller gene pool than 
before. Over time, the populations become increasingly different. Through nat- 
ural selection and genetic drift, descendants are modified in response to their 
hereditary and environmental circumstances, as genes are mixed from genera- 
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that, even if they were to again share overlapping territory, they would proba- most prolific sites for the adaptive 
bly not successfully interbreed. Where before there was only one species, there radiation of birds over the last 100 
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not usually overlap. The diversification of birds is dominated by patterns indi- 
cating a history of geographic isolation and speciation. In turn, this history is 
intricately tied to the dynamic history of the Earth's crust and climate. 

The most fertile regions for the adaptive radiation of new bird species 
have been the islands of the western Pacific and Indian Oceans, as well as the 
forests of the Andes and great Amazon Basin. Other regions around the Pacif- 
ic rim, like western North America and southeastern Asia, were also great 
centers of diversification. Many of these regions have endemic bird species— 
native forms confined to a small region. But they also host migratory and 
wide-ranging species. Each island or patch of forest can host its own unique 
assemblages of fauna and flora. 

In the first part of the book, Cretaceous volcanism was implicated as a 
possible cause for K-T extinctions. This same volcanism may also have 
been responsible for much of the avian diversity that evolved on both 
sides of the K-T boundary. Recall that heat emanating from the Earth’s 
core generates convective plumes of magma that rise through the mantle 
and disrupt the overlying crust through tectonic movement. Between 120 
and 125 million years ago, a superplume of hot magma boiled away from 
near the Earth’s molten outer core, rising through mantle below what 
is now the western Pacific. As the superheated upwelling approached 
the surface, the most volatile components erupted through the ocean 
floor, creating submerged volcanoes and mountain ranges that spread 
over much of the Pacific basin.* The tips of some of these peaks are the 
seamounts and volcanic islands of Polynesia, Melanesia, Micronesia, the 
Malay Archipelago, and others of the region. Many of these islands have 
their own unique species of birds. 

Oceanic islands typically emerge above the waves rather barren and 
lifeless. But with time, they provide unique opportunities for colonization. 
Lichen and fern spores reach their shores quickly with the wind. Their roots 
churn organic material into the volcanic rubble, and soils eventually accu- 
mulate. Many islands develop a rich substrate that sustains great floral diver- 
sity. And with the base of the food chain established, the way is paved for 
the influx of herbivores and carnivores.* From the mid-Cretaceous onward, 
islands began to emerge from the waves, like new condominiums awaiting 
their first residents. 

There are numerous ways for tetrapods to cross saltwater barriers and 
reach emerging islands, but the happenstance process of island colonization 
means that each island may be unique. A few species can withstand the trip 
through salt water and float or swim to the islands that they colonize. Tor- 
toises probably floated to the island chains, like the Galapagos and Aldabra 
islands, where they evolved to giant size and each island became home to its 
own distinctive population. Spiders diversified enormously on islands. As 
tiny juveniles, they can “balloon” over vast distances on air currents with a 
strand of spun silk. Spiders have been collected at altitudes above 30,000 feet 
in the aerial plankton by planes towing netlike windsocks. Insects hitch rides 
with birds and other travelers. Bats also fly onto islands, carrying parasites 
and seeds of the fruits they eat. Seals and sea lions swim to islands. Rafts of 
branches, logs, or vegetation mats wash out to sea with storm tides, com- 
plete with microorganisms, insects, and small vertebrates. But few mammals 
or lizards, and virtually no amphibians have successfully crossed wide salt- 
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water barriers, without human help. Birds have been far more successful, fly- 
ing or swimming out to fish in enriched coastal waters or island lakes. 

A continental island is one that separated from its parent continent by tec- 
tonic forces or rising sea levels, isolating a sample of the biota found on the 
mainland. Madagascar is a continental island, whose isolation began nearly 70 
million years ago, producing fantastic variations on African species present at 
the time of separation. Whole continents have become islands, following the 
break-up of Pangaea during the Mesozoic. South America was an island for 
much of the Tertiary, until it became tied to North America at the Isthmus of 
Panama. India was also an island for tens of millions of years, before colliding 
with Asia and creating the Himalayas. Australia still is an island. During isola- 
tion, each continent evolved a unique assemblage of bird species. 

Tectonic activity on the eastern side of the Pacific basin catalyzed biotic 
effects via the formation of the Andes of South America and the Sierra Neva- 
da of North America. Increased elevations along the western edges of these 
continents disrupted more uniform habitats and generated greater habitat 
diversity. The shallow Cretaceous seas that had covered North America and 
Asia receded, opening new lands to pioneering species. Novel terrestrial 
communities arose as the seabed emerged. In the forests and mountains, 
species could become isolated as a fire or a river shifting its course separat- 
ed previously continuous populations of organisms in two. Many tropical for- 
est birds will not cross open water even though they have the strength to 
do so. Vegetation and rainfall shifts due to elevation changes also partition 
the environment into different islandlike zones and foster speciation among 
birds. From the mid-Cretaceous onward, the crust in and around the Pacific 
basin presented a huge, rapidly changing landscape that became the world’s 
greatest center of bird diversification over the next 100 million years. 


DIVERSITY RISING 


By far the greatest adaptive radiation was among the small terrestrial birds 
in forests and woodlands on continents and islands. But waterfowl, shore 
birds, and wading birds also became highly diversified, leaving the best 
Tertiary fossil record. Many shorebirds nest in great colonies, and some 
spectacular fossil localities have produced tens of thousands of their 
bones. But overall, the Tertiary pace of evolution among the seabirds has 
been slower than that of their woodland cousins, possibly because water 
birds are generally strong and wide-ranging flyers. The phylogenetic map 
for modern birds is still under construction, and there is a big knot of unre- 
solved relationships among several of its major pathways. Some major lin- 
eages have proper names, which we will introduce. For the rest, we will 
simply number them, and briefly describe their diversity and history. 


PALEOGNATH BIRDS 


Two major evolutionary pathways trace back to the ancestral species of Aves.* 
These are Palaeognathae and Neognathae, which together contain all living 
birds.* Palaeognathae includes the ratite (Ratitae) lineage—the Ostrich, which 
is the most massive and tallest of living birds, and ten related living species, 


(On the facing page) Phylogeny of 
modern birds. All living species belong 
to either the neognath or the paleognath 
lineages. Among neognaths there are 
twelve distinct pathways, but the 
relationships among these are not 

well established. 


TECHNICAL NAME 


Ratitae 
Tinamiformes 


Anseriformes 


Galliformes 


Procellariformes 
Paleognathae 


Pelicaniformes 
Sphenisciformes 
Gaviiformes 
Podicipediformes 


(2) 


Ciconiformes 


Gruiformes 


Aves Ardeidae 


Columbiformes 


Charadriiformes 


Falconiformes 
Strigiformes 


Coliidae 


Tournicidae 
Musophagidae 
Caprimulgiformes 


Neognathae Apodiformes 


Psittaciformes 


Cuculiformes 


Coraciiformes 


Piciformes 


Passeriformes 


COMMON NAMES OF MEMBERS 


Cassowary, Emu, Kiwi, Ostrich, Rhea 


Tinamou 


Ducks, Geese, Screamers, Swans 


Chachalacas, Chickens, Curassows, Grouse, Guans, Guineafowl, 
Megapodes, Pheasants, Quail, Turkeys 


Albatrosses, Diving-petrels, Shearwaters, Storm-petrels 
Cormorants, Frigate birds, Gannets, Pelicans 

Penguins 

Loons 

Grebes 


Adjutants, Flamingos, Hammerheads, Ibises, Jabiru, 
New World Vultures or Condors, Openbills, Storks, Shoebills 


Bustards, Coots, Cranes, Gallinules, Kagu, Mesites, Limpkins, 
Monias, New World Sungrebe, Rails, Roatelos, Seriemas, 
Sunbitterns, Trumpeters 


Herons, Egrets, Bitterns 


Pigeons, Doves 


Auks, Avocets, Coursers, Crab plovers, Curlews, Godwits, Gulls, 
Jacanas, Jaegers, Lapwings, Lilly Trotters, Murres, Oystercatchers, 
Painted-snipe, Plains-wanderers, Phalaropes, Plovers, Pratincoles, 
Puffins, Sandgrouse, Sandpipers, Seedsnipe, Sheathbills, Skimmers, 
Skulas, Snipe, Stilts, Stone-curlews, Terns, Thick-knees, Woodcock 


Caracaras, Eagles, Falcons, Old World Vultures, Osprey, Secretary bird 


Owls 


Mousebirds 
Buttonquail 


Turacos, Plantain-eaters 


Goatsuckers, Nighthawks, Nightjars, Oilbirds, Potoos, Whip-poor-wills 


Humming birds, Swifts 


Lorys, Lorikeets, Cockatoos, Black-cockatoos, Fig-parrots, Racquet-tails, 
Rosellas, Parakeets, Lovebirds, Macaws, Parrotlets, Parrots 


Old World Cuckoos, Coucals, American Cuckoos, Hoatzin, Anis, Guira Cuckoo 


Bee-eaters, Hoopoes, Hornbills, Kingfishers, Motmots, Rollers, 
Scimitar-bills, Todies, Trogons 


Barbets, Jacamers, Piculets, Puffbirds, Toucans, Woodpeckers, Wrynecks 


Anis, Antbirds, Babblers, Birds of paradise, Blackbirds, Bowerbirds, 
Bristlehead, Broadbills, Bulbuis, Buntings, Cardinals, Chowchillas, 
Cotingas, Coucals, Creepers, Crows, Cuckoos, Cuckooshrikes, Currawongs, 
Dippers, Drongos, Fairy-bluebirds, Finches, Flowerpeckers, Flycatchers, 
Sharpbill, Gnateaters, Grasswrens, Hawaiian honeycreepers, Hoatzin, 
Honeyeaters, Hornbills, Humming birds, Jays, Larks, Lyrebirds, Magpies, 
Manakins, Mockingbirds, Nuthatches, Orioles, Ovenbirds, Parrots, Pipits, 
Pittas, Plantcutters, Roadrunners, Scrubbirds, Sittellas, Sparrows, 
Spiderhunters, Starlings, Swallows, Tanagers, Tapaculos, Thickheads, 
Thrushes, Thrashers, Titmice, Treecreepers, Sunbirds, Vireos, Wagtails, 
Shrikes, Vangas, Warblers, Wattlebirds, Waxbills, Waxwings, Weaverbirds, 
White-eyes, Woodcreepers, Woodswallows, Wrens 
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plus a host of extinct relatives. All ratites are flightless, terrestrial birds, with 
reduced forelimbs, huge egg-shaped bodies, powerful legs, and small heads 
perched atop long necks. The islands of New Zealand, Madagascar and the 
island continents of Australia and South America have each fostered 
endemic ratite species. Ornithologists long debated whether the ancestor of 
ratites could fly. Judging from their position on the evolutionary map of 
dinosaurs, we can see that all of the closest living relatives of ratites can fly, 
as did a host of their closest extinct relatives. Ratites have the fused wrist 
and hand and short tail of other ornithothoracine birds, the back-turned 
pubis of maniraptorans, the long neck of saurischians, and so on. This hier- 
archy of evolutionary features suggests that the ancestral ratite could fly, 
and that its descendants became flightless secondarily. 

The tinamous (Tinamiformes) form a second pathway on the paleognath 
lineage, and their history reflects an adaptive radiation throughout varied 
grass and woodland habitats. The 43 living tinamou species are confined to 
the region from southern Mexico to Patagonia.® Given that ratites can’t fly and 
that the flying tinamous are restricted to South America, it is difficult to 
explain the geographic distribution of the living palaeognath species as a 
result of dispersal. We should expect to see fossils in North America and Asia, 
documenting their passage between Africa, South America, and the Australian 
region. Despite several false alarms, no such fossils have been found. The geo- 
graphic pattern of ratite distribution resembles that of many insects and 
plants—a Gondwanan distribution—where formerly continuous populations 
became fragmented and separated by the Mesozoic breakup of the southern 
supercontinent Gondwana. Geography provides additional evidence of the 
great antiquity of the palaeognath lineage. 


NEOGNATHS 


All other birds are members of the neognath lineage. Our current phyloge- 
netic map depicts twelve major living lineages that trace back to the ances- 
tral neognath. The relationships among these major pathways are not well 
understood, however. In many cases the individual lineages are highly dis- 
tinctive. Parrots, for example, are rarely confused for some other type of bird, 
because a large gap separates parrots from all the others. The oldest parrot 
fossils are from the Eocene, about 50 million years ago, but they are already 
distinctly parrotlike.’? This points to an even earlier time of origin, but no 
known fossils bridge that gap. Older, more primitive fossils of parrots, as well 
as the other eleven neognath pathways, are needed to fully resolve the map 
for this part of avian history. 

Pathway 1 includes two sister lineages. We met Anseriformes, the ducks 
and geese, in the last chapter. Its sister lineage, Galliformes, represents a 
radiation into the forests, brushlands, and grasslands, of the world. There are 
282 living species, who mostly spend their lives on the ground where they 
hunt seeds, fruits, berries, insects, worms, and small vertebrates. Their flight 
is powerful but not prolonged. The oldest galliform fossils are from the Early 
Eocene of Wyoming.? However, their sister lineage, Anseriformes, includes 
the Cretaceous species Presbyornis. If Presbyornis is correctly mapped as a 


The palaeognathous birds include 
the ratites, like this Ostrich, plus the 
tinamou lineage, which is not shown. 


This nearly extinct Prairie Chicken 

is a representative of Galliformes, a 
terrestrial bird lineage with nearly 300 
living species and a global distribution. 


The White Pelican (at right)—a member of 
Pelicaniformes—which includes some of the largest 
living birds. 


The King Penguin, (below right) a member of 
Sphenisciformes. Nearly the entire history of the penguin 
lineage has been played out in the Southern Hemisphere. 


member of Anseriformes, then the entire galliform 
line must extend back into the Cretaceous as well. 

Pathway 2 leads to four major branches of birds 
that live in and adjacent to water. The pelicans (Peli- 
caniformes) are mostly wide-ranging birds that inhab- 
it temperate and tropical zones. Also belonging to 
this lineage are frigate birds, cormorants, and gan- 
nets. Pelicaniformes are generally distinguished by 
long bills that support a pouch of skin that hangs 
below the jaw and neck for carrying food to their 
young. Nearly every species in the lineage is a strong 
flier with large wings. Pelicans are among the largest 
living birds, with bodies nearly 6 feet in length and a 
wingspan close to 10 feet. There is one flightless 
member of the lineage, the Galapagos Islands Cor- 
morant, which has dwarfed wings and lives along the 
island coasts. A fossil cormorant was reported from 
Late Cretaceous sediments of southern Mongolia, 
but the identification of this specimen has yet to be 
verified.'!° Fossils are abundant from the Eocene 
onward. 

The 17 species of living penguins (Sphenisci- 
formes) represent another trail on pathway 2.'! Pen- 
guins hunt the southern oceans for fish, squid, and 
shrimp, “flying” with powerful short wings through the 
water with spectacular dexterity. The earliest fossils 
are from the Eocene of Seymour Island, Antarctica, 
and the history of the penguin lineage appears to 
have played out mostly in the Southern Hemisphere. 
Two other trails branching from pathway 2 are the 
loons (Gaviiformes), who we met in the last chapter, 
and their cousins the grebes (Podicipediformes). 
Twenty-one grebe species can be found today world- 
wide, including several island endemics. The Colom- 
bian Grebe is flightless and its geographic range is, or 
was, confined to a few ponds and lakes in the Andes. 
This species is probably now extinct. 

Pathway 3 (Ciconiformes) includes the storks, 
ibises, shoebills, adjutants, jabiru, condors, and sev- 
eral others. The lineage comprises approximately 130 
species worldwide, and most of its members dine 
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voraciously on small vertebrates, mollusks, insects, crustaceans, and car- 
rion. Flamingos, whose kinship to the rest has been questioned, use spe- 
cialized bills to filter blue-green algae and diatoms from the water. 
Pathway 4 includes a seemingly eclectic assemblage of pigeons, herons, 
cranes, and shorebirds, and the interrelationships among these are uncertain. 
We have already met the shorebirds (Charadriiformes)—the gulls, auks, and 
their relatives. The crane lineage (Gruiformes) includes 197 species of preda- 
tors that stalk shores, shallows, forest floors, and grasslands of the world. 
Larger cranes can soar and undertake long migrations, but several flightless 
endemic species have evolved on Pacific islands. From Paleocene rocks in 
South America, we can trace a lineage of predatory birds that ruled the top of 
the Tertiary food chain. Some could fly, but other giant forms were flightless 
with reduced wings. One of the largest was Titanis, a 10-foot-tall form with a 
huge skull, a long massive beak, and short wings. It originated in South Amer- 
ica and migrated overland to North America about 3 million years ago, as the 
two continents drifted together and the Isthmus of Panama formed. A second 
lineage of giant flightless birds—Diatrymidae—is found in early Tertiary rocks 
of the northern continents. Diatryma is its best known member, standing over 
6 feet tall and weighing close to 300 pounds. It is generally considered to have 
been predaceous, but it has recently been depicted in controversial recon- 
structions as a scavenger or browsing herbivore.!* Also found along this part 
of pathway 4 are the rails. Ecologists joke about the “rail rule’: seemingly 


The Crested Grebe, a member of 
Podicipediformes. 


The Wood Ibis, a member of Ciconiformes. 


A Bustard, a member of 
Gruiformes. 


every island in the South Pacific has its own distinct species of rail. Early rails 
flew from island to island, eventually colonizing nearly all of them. Being 
naturally weak and reluctant flyers, the colonists on many islands became 
flightless. Food and nesting space around the island's shores were in ade- 
quate supply, and predatory mammals and reptiles from the mainland were 
generally lacking. Each colony became isolated from 

the others and gene flow among them ceased. 
Archaeological excavations on islands across 
Pacifica are turning up new species of 

extinct rails at an astonishing pace. !? 

Two more adaptive radiations of woodland 
birds can be traced along pathway 4. One 
includes the herons, egrets, and bitterns 
(Ardeidae), with 65 living species that hunt the woodlands and 
waterways of the world. Among these are several endemic 
island species. The other woodland radiation includes the 
313 living species of pigeons and doves (Columbiformes). 

Many endemic islands species are found among these as 

well, including flightless forms like the extinct Dodo. The rela- 
tionships among all these diverse parts of pathway 4 are unre- 
solved. Most ornithologists agree that the cranes and herons are 
close cousins, and some believe that storks are related to them as 
well. Whether the shorebirds are part of this lineage is controversial. 

Pathway 5 includes the raptorial owls (Strigiformes) and the 
eagles, falcons, and osprey (Falconiformes). They are among today's most 
consummate hunters, sustaining a theropod tradition of predatory excel- 
lence. Both lineages have a worldwide distribution that includes endemic 
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(Above left) The Little White Egret is a 
member of Ardeidae. 


(Above right) The Crowned Pigeon—a 
columbiform bird—is part of a global 
radiation that has left more than 300 
living species. 


The skeleton of Diatryma gigantea, a 
giant extinct gruiform bird from the 
Eocene of South America. 
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Steller’s Sea Eagle (top right) is a 
member of Falconiformes, which 
includes some of today’s greatest 
hunters. 


The Plantain-eater (below) is a 
member of Musophagidae, a 
modest radiation of African 
woodland birds. 
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The mousebirds 
(Coliidae) (above) 

represent another modest 
radiation of African woodland birds. 


The Coquette Hummingbird (at left) is a 
member of Apodiformes. 
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island species like the Bare-legged Owl of Cuba and the New Guinea Eagle. 
All have short, hooked beaks and strongly hooked talons, with which they 
prey on other birds, and other small vertebrates. Some hawks are excellent 
runners. Spotting their prey from the air, they land and give chase through 
the undergrowth and on foot before leaping and grabbing the prey with their 
talons. Falcons are the fastest dinosaurs, diving at speeds up to 175 miles per 
hour, typically raking their prey by diving and tumbling it out of the sky. The 
fossil record for pathway 5 extends back into the early Paleocene. 

Pathways 6, 7, and 8 include still more woodland bird lineages, who made 
modest radiations into the woodlands and brushlands of the Old World.!4 
These are the turacos and plantain-eaters (Muscophagidae), who live along 
dense forest edges and in wooded areas near water in sub-Saharan Africa. 
Their fossil record extends back to the Eocene. There are six species of 
mousebirds (Coliidae), all living around brushlands and forest edges south 
of the Sahara. Mousebirds are good flyers but only over short distances. 
When foraging for fruit, seeds, and insects, they climb through trees and 
brush using their feet and bill. Their fossil record also extends back to the 
Eocene. The last radiation includes seventeen species of buttonquail (Turni- 
cidae), which inhabit grasslands and brushlands around the western 
Mediterranean, much of Africa, southern Asia, Malaysia, Australia, and adja- 
cent islands. Their meager fossil record extends only to the Pliocene, 
although it must be a far more ancient line. 

On pathway 9 are the swifts and hummingbirds (Apodiformes), and the 
nighthawk lineage (Caprimulgiformes). Both are marvelously diverse lin- 
eages of woodland and open range birds. There are 103 species of swifts 
worldwide. Once again we find some species that are wide-ranging, and 
others that are endemic to South Pacific islands. Swifts have long pointed 
wings and perform with great aerial dexterity, capturing all their food— 
chiefly insects—on the wing. Hummingbirds form a dazzling array of 322 
species, most of whom are concentrated in northern South America,!° 
where they drink nectar and catch insects in the flowers of the forest and 
brushlands. The Puerto Rican Emerald hummingbird and the Jamaican 
Streamertail are among several island endemics. The Cuban Bee Hum- 
mingbird is the smallest known dinosaur, weighing about 6 grams. Nighth- 
jars, nighthawks, frogmouths, owlet-frogmouths, and potoos comprise the 
105 species of night birds.'© They are often allied with owls, but their 
affinities are highly controversial. Nightjars and nighthawks include both 
wide-ranging species that inhabit forests and brushlands, and endemic 
island species. Frogmouths and owlet-frogmouths live in brushlands and 
forests around Australia and the Indian Ocean. The potoos and Oilbird live 
in central Mexico and South America, in forested or semiforested regions. 
The fossil record for this pathway extends back to the Eocene.!” 

Pathway 10 includes the parrots (Psittaciformes), which today comprise 
a spectacular radiation of woodland birds. Today there are 360 species of 
lorys, lorikeets, cockatoos, racquet-tails, rosellas, parakeets, lovebirds, 
parrots, and macaws inhabiting the forests, savannas, brushlands, and 
urban areas in tropical and temperate regions around the world.'® In his- 
toric times, parrots ventured up to about 40°N latitude in North America 
and 35°N in Asia.!? Numerous endemic species are found today on islands 


These macaws are members of 
Psittaciformes, which radiated 
extensively through the tropical 

and subtropical forests of the world. 
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in the eastern Pacific and Indian Ocean. Most are strictly arboreal and Cuculiformes, (above left) include 
strong flyers, yet most are nonmigratory. They are most diverse in the woodland birds like this cuckoo, and 
southern hemisphere, but their fossil record is poor. Island archaeological ground birds like the American 
sites are the richest sources for fossil parrots, where a surprising diversity roadrunners. 

is now being unearthed. Pound for pound, coraciiformes 


(above right) birds like this kingfisher 
are among the most fearsome living 
predators. 


Pathway 11, the cuckoo lineage (Cuculiformes) comprises several more 
adaptive radiations that exploited forests, woodlands, brushlands, and 
deserts. Most of the 143 living species are predatory, and some are parasitic, 
laying their eggs in the nests of other birds.?? Young cuckoos toss the host 
hatchlings out of the nest and are reared by the host parents, whose own 
progeny have been killed. 

This brings us to pathway 12, the last and largest avian lineage. This 
huge evolutionary highway connects 6,000 living species inhabiting the 
woodlands and savannas of the world. Most are fearsome predators, 
although none is large. There are three major trails branching from this 
path and a host of smaller ones. The first (Coraciiformes) includes the king- 
fishers and relatives.?! There are 94 living species that populate wooded 
streams, lakes, marshes, and swamps. Their large heads support a massive 
bill, and they hunt while perching near or hovering over water to spot their 
prey, which can be nearly their own body size and still be swallowed. Also 
included on this trail are 56 living species of hornbills, that range through- 
out the woodlands of Africa, tropical Asia, Malaysia, and the Philippines. 


DIVERSIFICATION AND DECLINE 


Another coraciiform radiation is represented today 
by the 36 species of trogons, living in humid forests, 
open woodlands, and mountains of tropical and sub- 
tropical regions around the world. Smaller coraci- 
iform trails include the bee-eaters, rollers, hoopoes, 
woodhoopoes, and motmots. Pound for pound, the 
coraciiform lineage includes some of the most fear- 
some of living theropods. 

Next on pathway 12 are the 215 species of wood- 
peckers and wrynecks (Piciformes), who inhabit 
woodlands around the world. The toucan lineage 
includes fifty-six species that range from Vera Cruz, 
Mexico to northern Argentina. They are usually 
brightly colored omnivores with huge bills that they 
use to catch small birds, reptiles, mammals, large 
insects, and to eat fruit. The oldest fossils from 
along this pathway are Miocene in age, but the lin- 
eage is probably much older. 

Last, and more diverse than all other birds 
combined, is Passeriformes. Approximately 5,739 
species—60 percent of all living birds—belong to the 
passeriform lineage.2? This line exploited to an 
unprecedented degree the woodlands, deserts, 
forests, brushlands, savanna, swamps and 
similar habitats, from the sea to the highest Ca 
mountains. Anywhere that you can find both ae 
open ground and vegetation rising above it, Wes 
you will find a passeriform bird. Some are zy È 
strong flyers, and some are migratory. FO 
They eat insects, spiders, snails, crus- 
taceans, small vertebrates, seeds, fruits, 
nuts, and other vegetation. The fossil 
record of Passeriformes extends back 
only to the Miocene.2? However, their 
relationship to other birds projects a 
ghost lineage at least back into the 
Eocene, and molecular data pro- 
jects their lineage as far back as the 
Cretaceous.*4 Passeriform birds rep- 
resent by far the most rapid and most 
diverse adaptive radiation in the 
entire 230 million year history of the 
dinosaur lineage. The remaining lin- 
eages are far too numerous to 
describe in any detail, but sim- 
ply reading their names (see 
the accompanying list) con- 
veys a vivid idea of their 
vast diversity. 


The Ivory-billed Woodpecker, a 
representative of Piciformes. This species 
has not been sighted in the wild for more 
than a decade, and is feared extinct. 


Nearly 6,000 species of living birds are 
members of Passeriformes, the small 
perching birds. 
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MAJOR GROUPS OF PASSERIFORMES 


Ordered by number of species 


Tyrannidae 
Funariidae 


‘Thraupini 

~ Timaliini 
Acrocephalinae 
Thamnophilidae 
Emberizini 
Saxicolini 
Strildini 
Pycnonotidae 
Carduelini 
Nectariidae 
Cisticolidae 
Corvini 
Ploceinae 

— Parulini 
 Muscicapini 
Sturnini 
Oriolini 
Malaconotinae 
Monarchini 
Certhiidae 
Icterini 


_ Zosteropidae 
Alaudidae 
Hirundininae 
Troglodytinae 
Pardalotidae 


Motacillinae 
Pachycephalinae 


Formicariidae 
Garrulacinae 
Parinae 
Vireonidae 
Eopsaltriidae 
Paradisaeini 
Dicaeini 
Rhipidurini 
Cardinalini 


(537 species) 


(280 species) 


(413 species 


(233 species 
(221 species 
(188 species 
(156 species 


(155 species 


(140 species 


(136 species 


(23) species 


(119 species 
(117 species 
(117 species 


(115 species 


) 
) 
) 
) 
) 
) 
) 
(137 species) 
) 
) 
) 
) 
) 
) 
) 


(115 species) _ 


(114 species) 
(111 species) 
(106 species) 
(98 species) 
(97 species) 
(97 species) 


(96 species 
(91 species 


) 
) 
(89 species) 
(75 species) 

) 


(68 species 


(65 species) 
(59 species) 


(56 species 
(54 species 
(53 species 
(51 species 
(46 species 
(45 species 
(44 species 
(42 species 
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(42 species 
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Flycatchers, Tityras, Becards, Cotingas, 
Plantcutters, Sharpbill, Manakins 


Tanagers, Neotropical honeycreepers, 


Plushcap, Seedeaters, Flower-piercers 


Ovenbirds, Woodcreepers 
Babblers 

Leaf-warblers 

Typical antbirds 

Buntings, Longspurs, Towhees 
Chats 


- Estrildine finches 


Bulbuls 

Goldfinches, Crossbills 

Sunbirds, Spiderhunters 

African warblers 

Crows, Jays, Magpies, Nutcrackers 
Weavers 

Wood warblers 

Old World flycatchers 

Starlings, Mynas 

Orioles, Cuckooshrikes 
Bush-shrikes, Helmet-shrikes, Vangas 
Monarchs, Magpie-larks 

Creepers | 


Troupials, Meadowlarks, New World 
blackbirds 


White-eyes 

Larks 

Swallows, River-martins 
Wrens 


Thornbilis, Scrubwrens, Bristlebirds, 
Pardalotes 


Wagtails, Pipits 


Whistlers, Shrike-thrushes, Shrike-tits, 
Sittellas 


Ground antbirds 
Laughing thrushes 
Titmice, Chickadees 
Vireos, Peppershrikes 
Australo-Papuan robins 
Birds-of-paradise 
Flowerpeckers 

Fantails 

Cardinals 


(continued) 
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MAJOR GROUPS OF PASSERIFORMES continued) 


Ordered by number of species 


Passerinae 
Mimini 
Pittidae 
Drepanidini 
Laniidae 
Rhinocryptidae 
Maluridae 
Sittidae 
Artamini 
Dicrurini 
Sylviini 
Megalurinae 


(36 species) 
(34 species) 
(31 species) 
(30 species) 
(30 species) 
(28 species) 
(26 species) 
(25 species) 
(24 species) 
(24 species) 
(22 species) 
(21 species) 


Ptilonorhynchidae (20 species) 


Polioptilinae 
Cinclosomatinae 
Viduini 
Eurylaimidae 
Prunellinae 
Remizinae 
Irenidae 
Melanocharitidae 
Conopophagidae 
Aegithalidae 
Climacteridae 
Regulidae 
Pomatostomidae 
Cinclidae 
Philepittidae 
Aegithininae 
Acanthisittidae 
Ptilogonatini 
Fringillini 
Callaeatidae 
Bombycillini 
Corcoracinae 
Orthonychidae 
Menurineae 
Atrichornithinae 
Promeropinae 
Chamaeini 

Dulini 
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(15 species) 
(15 species) 
(15 species) 
(14 species) 
(13 species) 
(12 species) 
(10 species) 
(10 species) 
(8 species) 
(8 species) 
(7 species) 
(6 species) 
(5 species) 
(5 species) 
(4 species) 


(4 species) 


(4 species) 
(4 species) 
(3 species) 
(3 species) 
(3 species) 
(2 species) 
(2 species) 
(2 species) 
(2 species) 
(2 species) 
(1 species) 
(1 species) 


Sparrows 

Mockingbirds, Catbirds, Thrashers 
Pittas 

Hawaiian Honeycreepers 
True Shrikes 

Tapaculos 

Fairywrens, Grasswrens, Emuwrens 
Nuthatches, Wallcreepers 
Currawongs, Woodswallows 
Drongos 

Sylvia 

Grass-warblers 

Bowerbirds 

Gnatcatchers, Gnatwrens 
Quail-thrushes, Whipbirds 
Whydahs 

Broadbills 

Accentors, Dunnock 
Penduline-tits 
Fairy-bluebirds, Leafbirds 
Berrypickers, Longbills 
Gnateaters 

Long-tailed tits, Bushtits 
Australo-Papuan treecreepers 
Kinglets 

Australo-Papuan babblers 
Dippers 

Asities 

loras 

New Zealand wrens 
Silky-flycatchers 
Chaffinches, Brambling 
New Zealand wattlebirds 
Waxwings 

Apostlebird, Australian chough 
Logrunners, Chowchillas 
Lyrebirds 

Scrub-birds 

Sugarbirds 

Wrentit 

Palmchat 


SOURCE: C. G. Sibley and B. L. Monroe, Jr., 1990. Distribution and Taxonomy of Birds of 
the World, Yale University Press, New Haven. 
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DEAD OR ALIVE? 


DIVERSITY IN DECLINE 


Having traced the great post-Cretaceous diversification of dinosaurs, we 
now return to the issue of dinosaur extinction. First, we need to introduce 
a geological time period that has never before figured into discussions of 
dinosaur extinction—the Quaternary. It began about 1.6 million years ago, 
and extends to the present day. The Quaternary is divided into two epochs. 
The Pleistocene, which extends from 1.6 MA to about 10,000 years ago, 
includes the great Ice Ages that our “caveman” ancestors had to contend 
with. The Pleistocene was followed by the Holocene, which extends from 
10,000 years ago until the present. We live in the Holocene. The great 
adaptive radiation of birds continued virtually unabated throughout the 
Tertiary. Although many species arose and died out, the overall trend 
reflected a global increase in the numbers of species. But from Quaternary 
sediments, evidence has slowly begun to emerge that this trend has 
reversed. 

An episode of mass extinction on a worldwide scale took place during the 
Quaternary. Like the K-T extinction, dinosaurs were not the only organisms 
affected. Like the K-T extinction debate, several killing mechanisms have 
been implicated, and the relative influence of each is hotly debated. Thanks 
to a finely calibrated time scale for the Quaternary, we can tease apart the 
proposed causes and effects on a finer scale than is possible for the events 
of 65 million years ago. And the ability to tell time precisely provides evi- 
dence of at least three separate waves of extinction that affected birds dur- 
ing the Quaternary. Some paleontologists argue that there was a single 
mechanism behind each one, while others argue that the three waves had 
more than one cause. 

The first wave occurred during the Pleistocene, and it produced a great 
loss of global diversity. Both climatic change and human activity have been 
implicated, with some scientists attributing all the losses to one or the 
other cause, and some to a combination of both. There is little doubt that 
the Pleistocene was a period of climatic fluctuation, as a succession of Ice 
Age glacial advances and retreats crossed vast regions.*? From the North 
Pole southward, the Pleistocene ice sheets advanced and retreated in five 
major pulses, blanketing large regions of North America and Europe. Ice 
also advanced down from many of the world’s major mountain chains, and 
global cooling affected the Southern Hemisphere almost as severely as the 
Northern. 

Since the Late Pleistocene, the overall climatic trend has been one of 
increased warming, although minor pulses of cooling also occurred as our 
modern climate emerged. At the peak of glacial coverage, the mean annual 
temperature was 5 to 7°C colder than today. About 14,500 years ago the 
glaciers began to retreat as a global climatic warming trend took effect. 
There was one last pulse of cold between 10,000 and 11,000 years ago, which 
marked the end of the Pleistocene Epoch and the beginning of the 
Holocene. Since then, the Earth’s climate has become generally warmer. By 
about 4,000 years ago, it came to resemble the climate over much of the 
world today.?¢ 

By the end of the Pleistocene, a momentous loss of diversity had decimat- 
ed the large vertebrates.*” In North America nearly three-quarters of the larger 


mammals became extinct, including mammoths, mastodons, saber-toothed 
cats, horses, tapirs, camels, ground sloths, and the bizarre glyptodonts (giant 
cousins of the modern armadillo). In South America, a similar proportion of 
large species became extinct. In Australia, 55 mammalian species are now 
known to have been lost. Severe losses in Europe claimed the woolly rhino, 
mammoths, and the giant deer, although many lost European species survived 
elsewhere in the world, such as the hippo, horse, musk ox, and hyena. 

Some of the largest birds were also affected, including the giant flight- 
less cranes like Titanis. They had been the dominant terrestrial predators in 
South America over most of the Tertiary. Although Titanis reached North 
America in the Pleistocene, it perished before the Holocene began. A Pleis- 
tocene condor named Teratornis, larger than the California and Andean con- 
dors, also disappeared. Its bones are among the most commonly preserved 
in the older deposits of the famous Rancho La Brea tar pits, but it evident- 
ly died out by the Holocene. A lineage known as the Gallinuloididae, a 
cousin of modern turkeys, had also died out by the end of the Pleistocene. 
Between 20 and 40 species of birds become extinct at the end of the Pleis- 
tocene in North America alone.?8 

One group of paleontologists, led by Paul Martin of the University of 
Arizona, alleges that human overkill was behind the surge of Pleistocene 
extinctions.2? Archeological sites have produced the bones of extinct ani- 
mals in association with human artifacts, along with evidence that people 
butchered the animals for food. There is little doubt that humans preyed 
on the extinct species. But Martin maintains that the extinction of the 
mammalian “megafauna” was a rapid “blitzkrieg” in which the human 
invaders into North America rapidly fanned out across the continent, 
from Alaska south and east to the Gulf Coastal plain, and decimated the 
large mammals in their path. Owing to economies of scale, early human 
hunters preferentially hunted the large animals first. If climate had been 
responsible, they argue, then small mammals and birds should have suf- 
fered extinction as well. 

Opponents to the human overkill hypothesis have marshaled several 
arguments exonerating our Pleistocene relatives in the worst of the losses: 
They point instead to the climatic fluctuations of the Ice Ages. First, they 
argue that small vertebrates were affected during the Pleistocene, along 
with the megafauna. Although the losses weren't as great, the geographic 
ranges of many small vertebrates became more restricted and entire verte- 
brate communities were reorganized as a result. To better understand the 
effects of climatic change on late Pleistocene and Holocene mammals, a 
massive computer database was recently compiled by Ernest Lundelius of 
the University of Texas at Austin, and his former graduate students Russell 
Graham of the Denver Museum of Natural History, and Rickard Toomey and 
Eric Schroeder of the Illinois Natural History Museum, together with more 
than a dozen colleagues from around the country. The database, known as 
FAUNMAP, contains records for nearly 3,000 Quaternary fossil localities 
in the continental United States and Alaska.?° Each locality represents a 
collection of fossil and subfossil mammals that had been identified and 
curated in North American natural history museum collections. Each 
locality’s age was determined by radiocarbon methods, whose usefulness 
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is confined to the last 50,000 years. FAUNMAP uses a computer to map the 
distributions of past faunal and environmental characteristics as they 
changed through time. The database includes a wide range of environ- 
mental information, such as the extent of the ice sheet at different times 
and the precise location of each site. 

The FAUNMAP analysis revealed a more heterogeneous environment dur- 
ing the early Pleistocene than in later times, in which a higher diversity of 
mammals existed than at present. During the Holocene warming episode, 
some mammals dispersed northward, tracking a northward shift in their pre- 
ferred environment. But different species responded at independent rates 
and times, moving in different directions. The retreating glaciers left a land- 
scape that was much more uniform in its topography and faunal composi- 
tion. As Holocene warming progressed, the loss in environmental hetero- 
geneity corresponded with a loss in diversity. The large animals, with slower 
generation times, were the most severely affected by the loss of environ- 
mental heterogeneity. Their decline may have been helped along by people, 
but climate was probably the major factor. 

Other scientists support this conclusion with the argument that global 
human populations were very small during the Pleistocene, a point that we 
will return to in a later chapter. The low state of human technology during the 
Pleistocene is another factor to consider; humans probably did not have suf- 
ficient killing power to have wiped out all the species that went extinct in 
the Pleistocene. Still other scientists have argued that the timing of events 
recorded in the archeological record—at least in North America—is more 
complex than claimed by the overkill proponents. The blitzkrieg should have 
progressed from northwest to southeast, but instead the opposite pattern of 
loss occurred.?! 

In Australia, the situation is also complex, and the solution on this con- 
tinent may or may not have been the same as in North America. Humans 
had arrived on that continent by 60,000 years ago. Between 60,000 and 
18,000 years ago, a major wave of megafaunal extinction had swept over 
the continent. Human impacts may have been strongest by increasing the 
frequency of fires. Increased concentrations of charcoal are found in sedi- 
ments dating back about 30,000 years.?? Fires altered the vegetation and 
erosion increased, which further degraded the Australian habitat and 
accelerated the pace of extinction. But there is also evidence that the Aus- 
tralian climate became more seasonabie, with dry intervals, starting about 
25,000 years ago?*. This may have led to a higher frequency of natural fires, 
and the climatic stress may have had a role in the extinction. 

So, even though humans lived during the Pleistocene, their exact role in 
the Pleistocene losses may have been different in different parts of the world, 
and climate remains a major suspect throughout the world. 

Evidence being unearthed from islands of the Pacific basin, one of the 
greatest sources of avian diversity, indicates that there was a second wave 
of extinction that followed the great losses of the Pleistocene. Zooarcheo- 
logical research indicates that the second pulse postdated the Pleistocene 
wave of extinction by several thousand years. At the beginning of the Qua- 
ternary, for example, there were at least 33 species of ostrichlike ratites. 
Archeological records indicate that most Pleistocene ratites survived far 


into the Holocene, some until only a few hundred years ago. But only 
eleven species survive today.*4 The same pattern holds for a growing list of 
other birds and mammals that is growing, as collaborating zoologists and 
archaeologists survey Holocene history in detail. Although the climate 
approached its current patterns during that time, the loss of species did- 
n't stop and in some cases it accelerated. Owing to its timing—several 
thousand years after the last glacial retreat—this second wave of extinc- 
tion is difficult to attribute to climate alone. 


CODA 


Looking at the history of the entire dinosaur lineage, it is a myth that 
theropods surrendered their role as top predator at the end of the Creta- 
ceous, at least in some parts of the world. In South America and elsewhere, 
giant predatory theropods dominated terrestrial faunas for millions of years 
after the K-T boundary. Today, feathered raptors remain at the top of the food 
chain in many parts of the world, having inherited the role from some of their 
Mesozoic relatives. In many ways, the post-Cretaceous history of avian 
dinosaurs is a continuation of what took place in the Mesozoic. 

To observe the communities and social interactions among living birds 
is to see their intelligence and complexity. To encounter birds in nature as 
they soar, dive, swim, sing, to see them hunt on the ground, in the trees, 
or under the ice, is to witness more than we can accomplish with our most 
elaborate machine. How different from its traditional connotation is the 
phylogenetic image of Dinosauria, with powerful brains, sophisticated 
“bio-technology,” and a vast diversity of living species. E. O. Wilson 
describes that “Great biological diversity takes long stretches of geological 
time and the accumulation of large reservoirs of unique genes.” The evi- 
dence described above suggests that the great radiation of birds took 
about 120 million years—nearly twice the duration of avian history accord- 
ed by the Phoenix hypothesis. But like all else in life, it would not be sus- 
tained forever. After a debilitating setback in the Pleistocene, the decline 
has continued into the Holocene as dinosaur history has become inextri- 
cably entangled with our own. 
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f The Real Great 


i Dinosaur Extinction 


E the memory remains vivid and seating, But our spirits 
were buoyed when we EEA a couple of simple 
questions about vertebrate evolution. One asked, “Which is 
the oldest bird? (a) Australopithecus afarensis, (b) Archaeopteryx 
lithographica, (c) Escherichia coli, (d) Drosophila melanogaster, or 


(e) Penicillium notatum?” Paraphrasing the second, “If a human 


generation averaged 20 years long, how many generations back would you 
have to go for humans to overlap in time with dinosaurs?” 

Both questions can be traced back more than a century, to Richard 
Owen's description of the oldest bird and his naming of the first-known 
extinct dinosaurs. Even with a modern evolutionary perspective, the 
answer to the first question hasn’t changed, although the meaning has 
been altered a bit. 

But the answer to the second question has changed. When we took the 
GRE, the correct answer was about 3,250,000 human generations. The 
answer was qualitatively the same to university aspirants in Richard 
Owen's day. Even though the age of the Earth was not then known, it was 
clear that the Cretaceous ended long ago, and that thousands or millions 
of generations separated humans and dinosaurs. Today, however, our map 
of vertebrate phylogeny indicates that the correct answer is 0. Possibly the 
most meaningful lesson gleaned from mapping dinosaur phylogeny is that 
our own history has overlapped with dinosaurs for about 20,000 genera- 
tions, depending on what you choose to call a human. 

In previous chapters we traced the rise of dinosaurian diversity, but we 
now reach a profound reversal of that trend, as we investigate one of the 
greatest episodes of mass extinction in tetrapod history. This change in for- 
tune for birds and many other species occurred at basically the same time 
that the world became inhabited by people. Unlike the great K-T extinction, 
humans witnessed this one. 


HUMAN EVOLUTION 


Humans are members of the primate lineage, whose fossil record now traces 
back to the very beginning of the Cenozoic. As we saw in Chapter 15, Lev 
Nessov's discovery of fossil zhelestid mammals in Cretaceous rocks provided 
a benchmark for calibrating the age of many of the living mammal lineages, 
and David Archibald mapped the primate ghost lineage back into the Creta- 
ceous.! Although we have yet to find a Cretaceous fossil that is unequivocally 
a primate, our phylogenetic map indicates that the ancestral primate species 
probably lived during the Middle or Late Cretaceous, and that one or more of 
its descendants survived the K-T extinction. Without a better fossil record, we 
can't say much about early primate diversification, or how they were affected 
at the K-T boundary, except that the lineage survived. Like dinosaurs, primates 
underwent a long history of post-Cretaceous diversification, and today there 
are about 200 living primate species. But over the whole of the Cenozoic, the 
pace of bird diversification exceeded that of primates 50-fold, to produce 
today’s approximately 9,702 species. 

Modern primates include tarsiers, lorises, lemurs, galagos, monkeys, and 
our own group—Hominoidea. The hominoids today include our own species, 
Homo sapiens, plus several other lineages of apes. The evolutionary path clos- 
est to our own includes the two species of chimpanzees, and it may include 
the Gorilla as well. Alternatively, the Gorilla might be first cousin to chimp- 
human sister lineages. Still further from humans is the Orang-Utan, and fur- 
ther still the gibbons. The mapping of ghost lineages suggests that Homi- 
noidea arose in Africa between 20 and 30 million years ago. Although sparse, 


the fossil record of hominoids preserves a diversity of 
extinct species.* Sivapithecus, one of the oldest fossil 
hominoids, lived between 13 and 7 million years ago 
in Turkey, northern India, Pakistan, and China. Most 
anthropologists think that Sivapithecus was related to 
the modérn Orang-Utan. More recent fossils mark the 
split between modern chimps and the lineage named 
Hominidae, which includes humans plus their closest 
extinct relatives. 

Based on currently known fossils, the paths of 
hominids and other apes split in Africa between 5 and 
10 million years ago. Nearly all early hominid fossils 
come from a narrow rift zone in eastern Africa that 
extends from Ethiopia south through Kenya, Tanza- 
nia, and into South Africa. Evidently, three distinct 
hominid species lived contemporaneously in east 
Africa. Among the oldest fossil hominids is Australop- 
ithecus anamensis, from the Awash district of Ethiopia, 
which is around 4.4 million years old.? A second 
species, Australopithecus afarensis, from the Fejej district 
of Ethiopia, is 3.9 to 4.1 million years old. A more 
recently discovered hominid named Ardipithecus 
ramidus was collected from Kenyan rocks that are 
between 3.9 million and 4.2 million years old. A short 
trackway of footprints made by someone walking 
bipedally across wet muddy ash along a lake shore in 
east Africa dates to about 3.7 million years old. These 
prints belong to a creature whose feet resemble 
human feet and whose hands were freed from their 
primitive role in locomotion. A modest adaptive radi- 
ation had begun long before the Pleistocene.* 

The oldest hominids were bipedal and their brains 
were slightly enlarged, compared with the brains of 
chimps. The earliest are called australopithecines 
(a group of doubtful monophyly). They were just over 
3 feet tall and weighed about 65 pounds—less than 
modern chimps. The volume of their brains mea- 
sured just under a pint (400 to 450 cm?),? which rep- 
resents a real increase in brain size for the first 
hominids. 

These hominids occur in rocks between about 4.4 
and 1.0 million years old. By about 2.5 million years 
ago, fossils document a distinctive new species named 
Homo habilis. Its brain grew to more than a pint in vol- 
ume (500 to 600 cm?). Almost 4 feet tall, it weighed 
about 70 pounds. Homo habilis survived until 1.5 million 
years ago. 

About 1.6 million years ago, fossils of still anoth- 
er species appear, named Homo erectus. Its brain 
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averaged nearly a quart (935 cm?) in volume. This species is larger, aver- 
aging about 130 pounds. Brain size is partly a function of body size, but 
even correcting for the difference in size, a real increase in brain size and 
computing power evolved in Homo erectus. This was evidently the first 
hominid to disperse out of Africa, extending its range to Asia and Java by 
about 1 million years ago. By about 500,000 years ago it was living in 
Europe as well. Stone tools extend back about 2 million years, but so far 
there is no direct evidence about which of our relatives made and used 
them. Some of the Java sites were recently re-dated to between 27,000 and 
53,000 years old, suggesting that Homo erectus survived much longer in 
southeast Asia than previously thought. If so, it overlapped with our own 
species in time. 

Homo sapiens, our own species, appears in the fossil record between 
400,000 and 150,000 years ago. The exact date of the oldest Homo sapiens fos- 
sil is in dispute, as anthropologists argue over the identities of certain 
incomplete European fossils. But there is no mistaking the identity of more 
complete fossils, because Homo sapiens has a huge brain, with a volume 
approaching 1.5 quarts (between 1200 and 1600 cm?)’, and a body mass still 
around 130 pounds. With the emergence of Homo sapiens’ huge brain came the 
accouterments of humans and human societies. The first evidence of “domes- 
tic” fire is about 500,000 years old. Art goes back about 35,000 years, and agri- 
culture arose about 10,000 years ago.® The relationships among world popu- 
lations are now being mapped out in detail, using information from both 
genetics and linguistic characteristics. 

Elizabeth Vrba of Yale University and a group of colleagues document 
an episode of climatic deterioration, beginning in the Miocene and culmi- 
nating in the Pleistocene, that corresponds with a major turnover in the 
fauna of the African Rift Valley during early hominoid history.? A rapidly 


Alternative models to explain the 
distribution of humans over the globe. 
In the top figure, two migrations out 
of Africa are proposed, the first by 
Homo erectus and the second by 
Homo sapiens, following their separate 
origins in Africa. In the bottom map, 
Homo erectus moved out of Africa and 
locally evolved into Homo sapiens. 
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shifting environment may have been the substrate for human origins. 
Steven Stanley of Johns Hopkins University calls humans the children of 
the Ice Age,!° arguing that a confluence of environmental and develop- 
mental factors sparked the emergence of Homo. However they did it, 
humans survived the Pleistocene extinctions to achieve unprecedented 
success by many measures of the term. 


Information from genetics (left) and 
linguistic characteristics (right) lead 

to very similar conclusions on the 
relationships among world populations. 
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MEASURES OF HUMAN SUCCESS 


One distinguishing feature of Homo sapiens is our repertoire and extensive use 
of tools. Tools and their effects leave an archeological record, and they docu- 
ment a rich history of human activity before there were written records. Inten- 
sive use of tools began sometime before 100,000 years ago. Demographer 
Joel Cohen of Rockefeller University has suggested that the discovery of how 
to make and use tools led to one of the first great spurts of human popula- 
tion growth, which peaked about 100,000 years ago.'! Between 400,000 and 
100,000 years ago, he estimates the combined population of the human 
species grew to 100,000. 

Cohen describes that over the next few thousand years a drop in popula- 
tion levels may have occurred, based on analyses of the variability of DNA 
sequences in modern human populations. Human populations may have fall- 
en to about 10,000 people, producing a bottleneck in DNA sequence variabili- 
ty that is still discernible in people today. The reduction probably occurred dur- 
ing the Pleistocene Ice Ages, about 80,000 years ago. The survivors lived in 
Africa and slowly expanded across the Old World. By 40,000 years ago, human 
populations had spread to Europe, Asia, and Australia. Before the end of the 
Pleistocene, by 12,000 years ago, people had discovered the New World and 
traveled through North America to the forests of South America. 

Asecond surge in human population size began as people in different parts 
of the world discovered agricultural techniques and grew some of their own 
food. From about 10,000 to about 6,000 years ago, the global population rose 
to somewhere around 5 million people. Cohen estimates that before this 
surge, human populations grew at a rate that would lead them to double in 
approximately 40,000 years or more. Following the agricultural surge, global 
populations grew at a rate in which they doubled every 2,000 to 3,000 years. 

A third surge in population growth began in the early eighteenth century. 
This episode coincided with the discovery of science and technology in 
Europe, and the renaissance of global navigation that distributed agricultur- 
al species cultivated by different peoples throughout the world. The global 
human population surged to 750 million people, and the population now 
doubled about every century. When Richard Owen named Dinosauria in 1842, 
the human census had just passed the 1 billion mark. 

Cohen measured another surge in population growth shortly after World 
War II, and this one was the most significant surge thus far. It was prompted 
primarily by several developments in medicine and public health, which 
reduced mortality and prolonged life—the global human population reached 
2.5 billion. 

In the next 36 years, the global population doubled. A final surge occurred 
in the late 1960s, reaching an all-time peak in population growth rates. It was 
prompted by medical developments that led to increased human reproduc- 
tive fertility. Today there are about 5.6 billion people on Earth. In the last 100 
years, more people have been born than in all the rest of human history. Cur- 
rent human populations are growing at the rate of 2 percent per year, or 
1 billion people every 12 years. Current projections estimate that the all-time 
high will be reached in 2135 a.D., with 11 to 12 billion people crammed on 
Earth. So successful are humans that we have already become 100 times more 
numerous than any other land animal in the history of Life in our 100-pound 
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Demographer Joel Cohen’s estimates of 
human population growth shown on three 
different time scales. Even when observed 
on a scale of 2,000 years, population size 
appears as an explosion (bottom graph). 


weight class. Through our agricultural practices, it is 
estimated that humans capture 20 to 40 percent of 
the solar energy reaching the Earth's surface and con- 
sume it exclusively for our own needs.!* Homo sapiens 
is one of Nature’s greatest success stories, but at 
what cost? 


THE SPECTER OF 1662 


About 300 miles west off the eastern coast of Mada- 
gascar in the Indian Ocean are three islands now 
called Mauritius, Réunion, and Rodriguez, which 
together form the Mascarene Islands. Mauritius was 
the first to be discovered, in the first half of the six- 
teenth century by a Portuguese navigator, but the 
entire chain remained uninhabited until 1598 when 
the Dutch took possession and established a colony 
on Mauritius. The colonists found birds that “. . . were 
of large size and grotesque proportions, the wings too 
short and feeble for flight, the plumage loose and 
decomposed, and the general aspect suggestive of 
gigantic immaturity.”!? Little did these colonists real- 
ize that their encounter with the Dodo bird would 
prove infamous. 

Before Europeans landed on Mauritius, it was 
pristine, spectacularly beautiful, and uninhabited. 
Early Dutch, French, and English travelers described 
it as a Garden of Eden. Besides the Dodo, there were 
evidently flightless relatives on each of the other two 
Mascarene Islands. A second species known as the 
Rodriguez Solitaire lived on Rodriguez Island, but 
became extinct by the end of the eighteenth century. 
A third species, known as the White Dodo, may have 
lived on Réunion Island at the time of European set- 
tlement. This creature has been given several names, 
including Raphus solitarius and Victoriornis imperialis, but 
our entire record of it consists of a couple of oil 
paintings reportedly made from a live bird displayed 
in Amsterdam and contradictory tales by sixteenth- 
and seventeenth-century travelers. !*:!° If it ever exist- 
ed, this bird had become extinct by the end of the 
seventeenth century. So far, no bones of it have been 
recovered. 

The first great chronicler of the Dodo, H. E. Strick- 
land, described in 1848 that “The history of these 
birds was as remarkable as their organization. About 
two centuries ago their native isles were first colo- 
nized by Man, by whom these strange creatures were 
speedily exterminated. So rapid and so complete was 
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The projected peak human population will reach close to 10 
billion people early in the twenty-second century. Most of these 
will be born in underdeveloped countries in the next century. 


The Dodo of Mauritius. This engraving was taken from a 
painting made before the Dodo went extinct. 
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The skeleton of the Dodo, from 
one of Richard Owen’s many 
studies on extinct birds. 


View of the right side 


Top view 


their extinction that the vague 
descriptions given them by early 
navigators were long regarded as 
fabulous or exaggerated, and these 
birds, almost contemporaries of our 
great grandfathers, became associated in the minds 
of many persons with the Griffin and the Phoenix of 
mythological Antiquity.” 16 

The extinction of the Dodo went unnoticed at first, 
and the bird was quickly lost from human recollection 
when the Dutch evacuated Mauritius in 1712. The 
French later occupied the island, but there was no one 
left alive on the island who knew of the Dodo. Years 
would pass before European naturalists, investigating 
reports of “mythical” birds, recovered physical evi- 
dence verifying that the Dodo had indeed existed. In 
1740, naturalists visiting the Mascarenes conducted an Three views of the skull of the Dodo. 
intense search for the Dodo, but no trace was found. 
Specimens eventually came into the possession of 
European naturalists. In 1758 Linnaeus named the 
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species Raphus cucullatus, although he probably did not realize that the Dodo 
was extinct. Repeated attempts to locate a living Dodo on Mauritius failed, and 
by the mid-eighteenth century, it was all too evident that the bird was gone. 

Once this was realized and the timing of events reconstructed, the culprits 
were obvious. In 1644, while the Dodo was still alive, a resident observed that 
“Here (in Mauritius] are Hogs of the China kind. These beasts do a great deal 
of damage to the inhabitants, by devouring all the young animals they can 
catch.”!” As Strickland was able to reconstruct, in the few short years follow- 
ing Dutch colonization, “This unfortunate and defenseless bird was slaugh- 
tered by the hundreds by the sailors who often for months lived on its flesh, 
but also often killed it for pure mischief, while finally the work of extermina- 
tion was completed by the pigs, goats, and monkeys, introduced into the 
islands.” The effects of domestic mammals may have exceeded the casualties 
inflicted directly by the colonists and sailors, who wrote that the birds were 
not especially tasty. The advent of domesticated animals proved more than 
the large flightless bird could withstand. The last reliable sighting!® of a 
Dodo occurred in 1662. Since then, two-thirds of the other endemic birds of 
Mauritius have also disappeared. 

Georges Cuvier had shown decades earlier that species once living in the 
distant geologic past had become extinct. By Richard Owen's day, thanks 
largely to Owen himself, it was established that species now alive could 
become extinct as well. And by that time, scientists were already pointing a 
finger at human culprits in the Holocene island extinction. In a textbook on 
paleontology published in 1860, Owen described the phenomenon of extinc- 
tion this way: 


That species, or forms so recognized by their distinctive characters and 
the power of propagating them, have ceased to exist, and have succes- 
sively passed away, is a fact no longer questioned. That they have been 
exterminated by exceptional cataclysmic changes of the Earth’s surface 


The head and foot of a Dodo 
specimen now in the British 
Natural History Museum. 
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has not been proved. That their limitations in time, in some instances or 
in some measure, may be due to constitutional changes accumulating by 
slow degrees in the long course of generations, is possible. But all hith- 
erto observed causes of extirpation point either to continuous slowly 
operating geological changes, or to no greater sudden cause than the, so 
to speak, spectral appearance of mankind on a limited tract of land not 
before inhabited.!? 


From Owen's day to the present, both climate and human predation have 
been implicated as Pleistocene killing mechanisms. Numerous Pleistocene 
archeological sites leave no doubt that humans preyed on some now-extinct 
species. Although it is hard to overestimate the ingenuity and persistence 
with which humans have pursued other species into oblivion, it remains 
doubtful that human actions account for all the losses in the first pulse of 
extinction, owing to small human populations and primitive technology. 

But during the second wave of extinction, in the Holocene, a huge and 
ominous record of evidence linking humans to catastrophic loss of bird 
species has accumulated in different parts of the world. One estimate sug- 
gests that, on average, one species became extinct every 83 years in the early 
days of the Holocene.” The rate of loss increased so that by the time the 
Dodo died out, another species of birds became extinct every 4 years, on 
average. At least 92 species of birds have become extinct since the Dodo, and 
the toll for this interval will probably rise as zooarcheologists study the 
remains of human habitation in Holocene sediments. The most recent stud- 
ies of threatened and endangered birds suggest that by the end of this cen- 
tury, one species will become extinct every 6 months. Although human his- 
tory did not begin this way, what E. O. Wilson calls a “tragic symmetry” arose 
in the Holocene, between the growth of human populations and the loss of 
biodiversity. Dinosaurs were especially hard-hit. 


OWEN’S FIRST. DISCOVERY OF EXTINCT DINOSAURS 


In 1839, three years before publishing his first paper on Dinosauria, Owen 
reported that giant birds similar to the ostrich and emu once lived on New 
Zealand. Earlier tales had been told of gigantic birds that might still survive 
in remote areas never trodden by man. Traditions among the native Maori 
elders held that birds covered with “hair” had waylaid forest travelers, over- 
powering them before killing and devouring them. But no such birds had ever 
been seen there by Europeans. 

Owen produced the first meager evidence that this wasn’t just a myth. It 
consisted of only the broken shaft of a thigh bone. But with this fragment, 
Owen performed a feat of scientific deduction that astonished the world and 
catapulted him into the limelight. He wrote, “So far as my skill in interpret- 
ing an osseous fragment may be credited, I am willing to risk the reputation 
for it on the statement that there has existed, if there does not now exist, in 
New Zealand, a struthious bird nearly, if not quite, equal in size to the 
Ostrich, belonging to a heavier and more sluggish species.”2! From a mere 
scrap of bone, he reconstructed the whole animal, although he was roundly 
criticized by other scientists who found such a leap of faith outrageous. 


The bone had been brought for sale at a cost of 39 
guineas to the College of Royal Surgeons, where 
Owen's career began. The College’s museum commit- 
tee declined to buy the specimen despite Owen's 
pleas, but Owen persuaded a donor to purchase it for 
another natural history collection, so that it could be 
properly studied and published upon. In a paper that 
had met strong editorial resistance, he announced 
the discovery of a giant extinct New Zealand bird.?? 
His critics demanded more substantial proof. 

Recounting the story 40 years later, Owen describes 
that he had 100 extra copies of his article “distributed 
in every quarter of the islands of New Zealand where 
attention to such evidences was likely to be attract- 
ed.”*? In 1843, he received two shipments of bones in 
response. Pictured first in his imagination, Owen final- 
ly saw the bones whose existence he had predicted. 
They became the type specimen of Dinornis struthoides, 
and Owen launched a series of papers on the extinct 
birds of New Zealand. As additional specimens 
arrived, he described more than a dozen species of 
ratite extinct birds known as moas. Many years later, 
having risen to the Directorship of the British Museum 
(Natural History), Owen obtained the original scrap of 
moa bone for the national collections. 

Even in 1843, New Zealand was largely unexplored 
by competent naturalists. It took several years to 
determine that all the moas were in fact extinct. As the 
European population there grew, it became impossi- 
ble to deny that they were gone. But evidently, they 
hadn't been gone long. In 1878 a dried head with neck, 
legs, and skin with ligaments and feathers attached 
was found in a cave. These were purchased by Owen 
for the British Museum and became the type speci- 
mens of his new species Megalapteryx didinus. The feath- 
ers are described as very hairlike, some grayish-brown, 
some with a rust tinge, and others tipped in white. 
Several other pieces of mummified carcasses have 
been found since then. 


(Above) The fragment of a thigh bone from which 
Richard Owen first deduced that large ostrich-like birds, 
now extinct, once lived in New Zealand. 


(At right) Richard Owen, standing 6 ft 1 in tall, next to 
the skeleton of Dinornis, one of largest moas. In his right 
hand, Owen triumphantly holds the first fragmentary 
bone that revealed the presence of extinct moas in 

New Zealand. 
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Fossil moas as old as the Miocene or Pliocene have now been recovered, 
but the tectonic history of New Zealand suggests that their flightless ances- 
tors may have rafted away on the island during the Cretaceous. Long before 
the arrival of humans, moas had adaptively radiated on the islands of New 
Zealand. It has been argued that some species became extinct as the climate 
changed from being drier to much more rainy at the end of the Pleistocene. 
But there is much evidence that human hunters encountered the last of New 
Zealand’s moas during the Holocene. 

Before human habitation, there were approximately thirteen moa species, 
ranging from the size of a turkey to the tallest bird known—a towering 12 
feet.74 This is far more diversified than any living ratite lineage. The adaptive 
radiation of moas covered both islands of New Zealand, and the birds were 
abundant when the Maori people first landed on the North Island about 
1,000 years ago. 

The moa’s flesh may be what convinced the Maoris to stay. Recent dating 
methods and finely calibrated chronological studies of the sites have enabled 


The mummified head of a moa. This 
specimen still exists in the Natural 
History Museum, London. 
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us to reconstruct a detailed crime scene.*? At numerous archaeological sites, 
moa bones have been found with Maori kitchen refuse, along with bones of 
domestic dogs that were brought from their home to the north in Polynesia. 
Fires set by the Maoris in the grasses and brush near the beaches destroyed 
moa breeding colonies, and other evidence suggests heavy human predation 
on these birds. The Maoris hunted the moas for food and killed them in great 
numbers, leaving their butchered bones scattered all over New Zealand. The 
killing of large numbers of birds began around 1100 a.p., and over the next two 
hundred years, the diet of Maoris must have consisted predominantly of 
moas. The hunting sites slowly spread to the South Island, where the last were 
extirpated. Seeds, twigs, and other stomach contents preserved in one moa 
carcass provided a radiocarbon date of about 1330 a.D. for the moa’s last meal. 
How much later they survived is unclear. The colonization of New Zealand 
began in the decades following the visit by Captain James Cook in 1769. There 
are reports by Europeans claiming to have seen live moas, but these are 
unverified. There are also some claims of butcher marks on moa bones that 
appear to have been made with iron blades. Although hard to substantiate, 
this could be evidence that Europeans were among the last humans to dine 
on moas. 

Maori traditions recall the moa as resembling a cassowary, with a 
brightly colored neck and a comb on its head. The skulls of at least three 
different moa species preserve evidence of a crest, which was probably a 
sexual characteristic like the crests and wattles in their living relatives. 
Also recalled is that the female incubated the nest while the male supplied 
her with food.” 

In 1844, Robert Fitzroy, former Captain of Darwin's famous voyage on the 
Beagle and then governor of New Zealand, interviewed an elder Maori 
named Kawane Paipai. He claimed to have taken part in a moa hunt. 
Fitzroy’s account was later published by extinct bird chronicler Errol Fuller: 
“He remembered the birds being hounded, encircled and then speared to 
death, sometimes with weapons designed to snap easily once the body was 
stuck. Trapped moas defended themselves vigorously with terrible blows 
from their feet but while administering these, the monstrous bipeds were 
forced temporarily to support their weight on one leg. A party of hunters 
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would launch a frontal attack—a feint—while another crept behind waiting 
for the moment when the Moa raised a leg; then the party attacking from 
the rear would strike, knocking away the supporting leg. Once down, the 
victim was either dispatched immediately or such grievous wounds were 
inflicted that the final outcome was no more in doubt.”27 


OTHER ISLAND EXTINCTIONS 


The combination of human overkill and environmental destruction by rats, 
cats, pigs, dogs, and goats devastated native birds on small islands. For 
ground nesting species, the effects of introduced mammals have been espe- 
cially devastating. An additional source of pressure is deforestation. Declin- 
ing diversity in island floras depleted certain food supplies and nesting ter- 
ritories, further reducing the diversity of island bird faunas. Nowhere has 
this damage been so severe as on the islands of the tropical Pacific, where 
high levels of avian diversity evolved during the Cenozoic. 

The tragic history of Pacific island birds was recently investigated by David 
Steadman of the Florida Museum of Natural History, Storrs Olson of the U.S. 
National Museum of Natural History, and a group of collaborators. Steadman 
presented a chilling summary of their findings: “On tropical Pacific islands, a 
human-caused ‘biodiversity crisis’ began thousands of years ago and has near- 
ly run its course.”28 The loss of bird life may have totaled between 2,000 and 
8,000 species, representing at least a 20 percent decline in the number of bird 
species globally. 

The islands of Melanesia were first occupied by humans 30,000 years ago. 
The islands of western Polynesia and Micronesia remained uninhabited 
until 3,500 years ago. Most islands of the Pacific and Indian Oceans were 
inhabited at least 1,000 years ago. Steadman describes the distinct signa- 
tures of human disturbance in the Holocene sediments deposited on and 
around the islands, including the accumulation of more clays as soils 
unbounded by vegetation washed off the island. Charcoal also appears in 
the sediments in abundance. Pollen from forest trees gave way to fern 
pollen, signaling the beginnings of deforestation. On the island of Mangaia, 
Steadman found this signature in sediments predating the earliest known 
cultural sites by 1,000 years. 

Upon their arrival, the colonists began clearing forests, cultivating crops, 
and raising domesticated animals. The indigenous forests and grasslands with 
their many species were cleared and burned to make way for a few domestic 
crops, further disrupting the local ecology. Seabird colonies vanished from 
many islands, and numerous species became extinct. Some extinctions were 
due to human predation; others resulted from the loss of soil that removed all 
suitable breeding habitat for burrowing species, like the petrels. On the island 
of Ua Huka in the Marquesas, Steadman found evidence that breeding seabird 
species dropped from 22 to 4 during human occupation. On the whole, how- 
ever, the landbirds suffered far more extensive losses. 

Steadman reports that “Although the rate of extinction varied with rugged- 
ness of terrain and size or performance of the prehistoric human population, 
we have no evidence that the process for prehistoric extinctions differed fun- 
damentally from those that continue to deplete surviving species today. The 
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differences are mainly technological (snares versus guns and stone adzes and 
fire versus chain saws and fire, for example).”2? 

On the Hawaiian Islands, 60 native bird species have become extinct since 
the arrival of Polynesians between 1,500 and 2,000 years ago. Roughly one- 
third of those remaining (20 to 25 species) disappeared in the two centuries 
following the arrival of Europeans, and two-thirds of the surviving species are 
now endangered. On these and other Pacific islands there is a consistent 
stratigraphic sequence in the lava tubes, sinkholes, stream and lake deposits 
that preserve extinct island animals. The oldest deposits contain fossils of 
only native species, including shorebirds and landbirds. The most common 
fossils are flightless rails, which had rapidly speciated as their ancestors 
flew from island to island, populating them with descendant species. Many 
islands hosted one or more endemic species. In higher and younger sedi- 
ments, the bones of native species dwindle, and the bones of domestic ani- 
mals predominate, in association with kitchen refuse. Finally, rats and iron 
appear in the record, indicating the arrival of Europeans, with their greater 
killing power. 

In the first half of this century, biologists thought that the diversity of Pacif- 
ic birds was well documented, but they had been unaware of the much high- 
er levels of Holocene diversity. Current zooarcheological explorations of 
island prehistory are greatly extending our knowledge of organisms that had 
been prematurely considered to be well documented. Before discovering the 
great Holocene extinction of Pacific birds, biologists and biogeographers 
thought that today’s distribution patterns for birds were natural. Now they 
are beginning to reinterpret the patterns and to recognize human effects. 
Throughout the Pacific, landbirds suffered much higher species-level extinc- 
tion, but the seabirds were also affected. The modern patterns of global 
seabird distribution are unnatural—meaning that humans were now involved 
in the equation. Steadman points out that many ecologists continue to ana- 
lyze these birds as if the modern ecosystems are natural. While some of the 
range losses for living species might be restored through conservation efforts, 
it is increasingly apparent that we are centuries too late to preserve any true 
reflection of the original Pacific avifaunas. 


The Great Auk stood upright on land, on 
the rare occasions that it came ashore. 


FUNK 


To understand the full effects of humans on island birds, and the complex 
interplay between human and natural factors in recent extinctions, we consid- 
er one last example: the Great Auk, or Garefowl, that disappeared early in the 
nineteenth century. Auks are seabirds that resemble penguins, although they 
are allied with shorebirds such as gulls. Auks have a large head, short tail, and 
chunky body that is covered by a dense, waterproof, black and white plumage. 
They dive and swim for food, and all, save the Great Auk, can fly. They spend 
their entire lives in the sea and, unlike most island species, they seem to have 
wide geographic ranges. But once a year they congregate on islands to breed. 

The Great Auk stood 3 feet tall with an ungainly upright stance on land. 
It occupied a niche in northern waters much like that of the penguins in 
the southern oceans. It hunted in coastal and open waters, mostly following 
schools of small fish. When swimming the Great Auks had penguinlike speed 
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The Great Auk spent most of its life at sea. 
It came ashore in great numbers, onto tiny 
islands in the north Atlantic, during the 
breeding season. 


and dexterity. Their legs were short and powerful with a pistonlike motion, 
and while swimming on the surface their large, webbed feet provided strong 
thrust. Underwater, they used their short, pointed wings to “fly” and steered 
with their feet as they pursued fish and other prey. The Great Auk was the 
largest species of auk known at any time in the Quaternary. It is said to have 
issued a croaking and a gurgling noise.*° 

Although usually denizens of open water, Great Auks returned every spring 
in enormous flocks to court and breed, probably on the same island where 
they hatched. They congregated in great numbers for about two months on 
remote rocky islands in the north Atlantic to enact their courtship rituals. 
Once the chicks were seaworthy, they migrated north from their breeding 
grounds out to sea, where they spent the next nine or ten months. 

Like many other seabirds, the Great Auk bred only on islands, where 
their enormous breeding success was probably related to the absence of 
predatory mammals, birds, snakes, and lizards of the mainland, which prey 
so successfully on ground-nesting birds. Breeding colonies in the north 
Atlantic were known on St. Kilda Island of the Outer Hebrides and possibly 
on the Orkney Islands, Lundy Island, and the Isle of Man. The Great Auks 
also bred near Iceland’s southern coast, on the rocky tips of volcanic islands 
that rise up from the Mid-Atlantic Ridge. In the western Atlantic, Great Auks 
bred on Penguin and Wadham Islands off the south coast of Newfoundland. 
Their greatest known breeding colony was on Funk Island north of St. Johns, 
Newfoundland.?!.32 

In a textbook on paleontology published in 1860, Richard Owen alerted his 
audience to the dire status of this bird, based on the scanty reports to him at 
that time: 


The Great Auk (Alca impennis, L.) seems to be rapidly verging to extinction. 
It has not been specially hunted down, like the dodo and dinornis [a moa], 
but by degrees has become more scarce. Some of the geological changes 
affecting circumstances favorable to the well-being of the Alca impennis, 
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have been matters of observations. The last great auks, known with any- 
thing like certainty to have been seen living, were two which were taken in 
1844 during a visit made to the high rock, called “Eldey,” or “Meelsoekten,” 
lying off Cape Reykianes, the S.W. point of Iceland. This is one of three prin- 
cipal. rocky islets formerly existing in that direction, of which the one spe- 
cially named for this rare bird “Gierfugla Sker” sank to the level of the sur- 
face of the sea during a volcanic disturbance in or about the year 1830. 
Such disappearances of the fit and favourable breeding-places of the Alca 
impennis must form an important element in its decline toward extinction. 
The numbers of the bones of Alca impennis on the shores of Iceland, Green- 
land and Denmark attest to the abundance of the bird in former times.?? 


When Owen wrote those words the Great Auk was already extinct. The 
breeding colony lost as Gierfugla Sker sank beneath the waves was probably 
the last of its kind. Owen didn’t realize that the minor volcanic belch that pre- 
cipitated the end of the species was simply the last in a series of catastro- 
phes to hit the breeding colonies. Owen was also unaware that in fact the 
Great Auk was “specially hunted down.” 

There is a long history of the Great Auk in the Quaternary record, and its 
bones are usually associated with human artifacts. Evidently, the Great Auk 
was hunted and eaten by humans for thousands of years before becoming 
extinct.*4 During the Pleistocene the Great Auk roamed the Mediterranean, 
where it has been found in fissure deposits at Gibraltar between 70,000 and 
90,000 years old. Its bones are also found in 60,000-year- old sediments of 
southern Italy, in association with artifacts of the Aurignacian culture. The 
Great Auk reportedly appears in cave paintings of northern Spain, in addition 
to bones from sediments along the Spanish coast. But the Auk’s southern 
limit retreated northwards as the Quaternary progressed. 

The early Holocene record of the Great Auk is well represented in Scandi- 
navia. A Swedish archaeological site contains Great Auk bones that are about 
9,000 years old. Additional records are found in 6,500-year-old sites in Den- 
mark, as well as sites of varying age in Norway and the northern British Isles. 
A British naturalist visiting the Orkney Islands in 1698 observed live birds and 
described the Great Auk as being the “stateliest as well as the largest, of all 
the Fowls here, and above the size of a Solan Goose, of a Black Colour, Red 
about the Eyes, a large White Spot under each Eye... stands stately, his 
whole body erected, his wings short; he Flyeth not at all.”?? He also described 
the egg, which was “twice as big as that of a Solan Goose, and is variously 
spotted black, green and dark... . appears on the first of May and goes away 
about the middle of June.” At most of the historic and prehistoric sites, the 
bones occur with kitchen refuse and tool marks sometimes scar the bones, 
providing ample evidence that Great Auks were eaten. But their bones occur 
in only small numbers compared to other prey species. 

By the beginning of the nineteenth century, the Great Auk had become 
very rare. Two birds were captured alive in 1812 near the island of Papa West- 
era in the Orkneys and kept alive for several years in captivity. The skin of one 
of these is now in the British Museum (Natural History) collections, where it 
eventually came under the scrutiny of Richard Owen. The last specimen taken 
in Europe was on the Waterford coast of Ireland in 1834. The last report of a 
Great Auk in Europe was 1835 at Lundy—the Isle of Puffins. A resident 
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reported seeing two large birds that stood upright—’up bold like’—these 
might have been Great Auks.?° 

Along eastern North America, bones of the Great Auk have been found in 
middens of American Indians from the Bay of Fundy to Cape Cod. The south- 
ernmost record is an American Indian pre-Columbian shell mound in Flori- 
da. In New England, seventeenth-century archaeological sites with Great Auk 
bones contain metal implements of Europeans. British navigators reported 
that it lived from Cape Cod northwards 300 years ago, but exactly when they 
disappeared from American waters is uncertain.?” 

Despite their wide range across the north Atlantic, their breeding was con- 
fined to a small number of sites. At sea the birds were excellent swimmers, 
reportedly staying submerged as long as a seal. They were extremely evasive, 
which may account for their rarity in coastal archeological sites. On land, 
however, the Great Auks were equally awkward, making easy prey for humans 
and dogs. They were especially vulnerable as they congregated to breed on 
tiny oceanic islands. Sailors and fishermen took advantage of this and caught 
large numbers to be salted for food or to bait hooks for the great predatory 
fish of the north Atlantic. In 1534 Jacques Cartier visited Bird Rocks in the 
Gulf of St. Lawrence, writing, “These islands were as full of birds as any field 
or meadow is of grasse, which there do make their nestes.” They killed “above 
a thousand,” and “we put into our boates so many of them as we pleased, for 
in lesse than one houre we might have filled thirtie such boats of them.”38 

The north Atlantic sailing routes established by European navigators 
brought humans to the breeding colonies of the Great Auk with lethal regulari- 
ty and persistence. One by one, the great breeding colonies were decimated by 
sailors exploiting the rich waters of the north Atlantic. Hundreds of thousands 
of birds congregated in one of the largest breeding colonies, on Funk Island. It 
was among the last to go, and its survival may have resulted from its remote 
location and inhospitable terrain for landing. But by the late eighteenth centu- 
ry a market had grown in Europe and America for pillows made of Great Auk 
feathers, driving hunters to land on Funk Island and harvest a huge cache. 

The hunters used a hut built by an earlier sealing crew as their shelter during 
the Auk’s breeding season. They also built several holding pens. As the wary 
birds came to shore, they were surprised and herded into the pens. With their 
powerful bills the auks bit their captors with the tenacity of dogs, but 
in the end, the flightless birds had no real chance. In the pens, they were 
clubbed and tossed into cauldrons of boiling water. Parboiling loosened the 
feathers, rendering them easier to pluck. The fat of the birds was rich in flam- 
mable oils that were used to stoke the fires and keep the cauldrons boiling for 
more birds. The stripped carcasses were tossed aside in great heaps. Before the 
end of the eighteenth century the Great Auk had been extirpated on Funk Island. 

One final incentive for human predation was the growing value of Great 
Auk eggs and skins, as they became scarce. The declining Dodo had sparked 
a collecting fad for skins and eggs among Europe’s wealthiest amateur natu- 
ralists. Errol Fuller records that 80 skins and 75 eggs of the Great Auk sold for 
hundreds of pounds at Steven’s Auction Rooms in London’s Covent Garden 
during the nineteenth century.?? Many late eighteenth-century seamen knew 
they could fetch a high price for a Great Auk, its skin or its egg. Thus, the 
remaining adults and their eggs were hunted down, and the few birds that had 
survived the cataclysmic loss of their breeding grounds finally disappeared. 


The last two birds ever seen were spotted by sailors commissioned to find 
Great Auk specimens for private collectors. They scoured traditional breed- 
ing grounds on small islets off the southwest point of Iceland, where the 
submerged Gierfugla Sker had been specially named for the bird. Landing 
on Eldey Rock, on the morning of June 3, 1844, they saw among a mass of 
other seabirds a pair of Great Auks. The sailors immediately set upon the 
birds, which waddled away as fast as they could. But the birds were clubbed 
down, and it was rumored that an egg being incubated by the female was 
crushed underfoot in the excitement. Their carcasses were sold to a collec- 
tor in Reykjavik. There was one, last, unconfirmed sighting of a Great Auk at 
the Grand Banks of Newfoundland in 1852, but that was it.4° The Great Auk 
had passed from the realm of ornithologists to the realm of archeologists 
and paleontologists. 

In 1864, more than twenty years after the last live specimen was collected, 
Richard Owen published a monograph on the skeleton of the Great Auk.*! 


The skeleton of a Great Auk, from a 


study made by Richard Owen following 
its extinction. 
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Remains of the Great Auk were only very poorly represented in natural histo- 
ry museum collections at the time it became extinct. As the basis for much 
of his description, Owen had to settle for a specimen found by guano miners 
on some north Atlantic island, which came to him “dried, flattened feather- 
less, and mummified.” At the end of the nineteenth century, naturalists 
returned to Funk Island to collect a more extensive sample of bones. In a 
Report of the U.S. National Museum and Smithsonian Institutions, Frederick 
Lucas described his landing on Funk, July 22, 1887. “Here the Auk bred in 
peace for ages, undisturbed by man... . Here to day the bones of myriads of 
Garefowl lie buried in the shallow soil formed above their moldered bodies, 
and here, in this vast Alcine cemetery, are thickly scattered slabs of weath- 
ered granite, like so many crumbling tombstones marking the resting places 
of the departed Auks.”42 

Lucas described the stratigraphy of the island as having has two distinct lay- 
ers. The lower and oldest lies directly on granite and weathered pebbles. 
Formed during the occupancy of the Great Auk, it contains many eggshell frag- 
ments, as well as charcoal that had leached down from the overlying layer. “The 
upper layer of the soil, also from 3 inches to one foot thick, has formed since the 
extermination of the Auk, principally by the growth and decay of vegetation 
nourished by their bodies. In fact it is possible, from the character of the plant 
growth above, to tell something of the probable abundance of Auk remains 
below; the thickness of the one indicating corresponding plenty of the other.”4? 

Excavations in the region of the hut yielded the bones of “thousands of 
birds mixed together in inextricable confusion.” The crania of some birds pre- 
served the marks of cuts and blows, verifying local traditions about how the 
birds met their end. 

The Great Auk was not the only bird to be extirpated on Funk Island. The Gan- 
net, the Puffin, as well as the Common and Arctic Terns also bred there in great 
abundance when Funk Island was described as “a mountain of birds” by natu- 
ralists visiting the island in 1844. A few years later the Gannet and Common 
Tern were gone, and all species of birds breeding on Funk Island, with the excep- 
tion of the Puffin, were drastically diminished by egg collectors. Puffins found 
security in their burrows and to them, at least, the extermination of the Great 
Auk presented a decided advantage by providing soil in which to dig their habi- 
tations.*4 Lucas and subsequent collectors prospected at the openings of bur- 
rows for the bones of the Great Auk that were unearthed by the digging Puffins. 

A half-century after the Great Auk disappeared, Frederick Lucas wrote in a 
Smithsonian Report: “The circumstances that the bird, with suicidal persis- 
tence, resorted to the a few chosen breeding places, and that it was there found 
in great numbers, rendered its destruction not only possible but probable, and 
when the white man first set foot in America, the extinction of the Great Auk 
became merely a matter of time.”® If these words seem overly dramatic, subse- 
quent research on island birds only reinforces the message. A century later 
David Steadman summed up the second pulse of Quaternary extinction: “We 
expect extinction after people arrive on an island. Survival is the exception.”4° 


|The Third Wave 


| | With more time, area, cimatie chaes topos ae 
tion, and habitat diversity, the continental biota avoltës 
with a different dynamic than do most island biotas. So 
continents are home to far greater numbers of species, and 
they are more strongly buffered against extinction. 
Around 90 percent of the bird species that have become 


extinct in the Holocene were endemic to islands.! Many 
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other island birds remain threatened or endangered today. A 1994 survey 
reported roughly 250 endangered bird species; over half are island endemics. 
But the proportion of endangered and threatened island birds is gradually 
diminishing, because most vulnerable island birds are already extinct and the 
number of endangered continental species is rising rapidly. Stanley Temple of 
the University of Wisconsin has observed that today the locus of bird extinc- 
tion is shifting. “Although the majority of the world’s endangered species still 
come from islands, it is clear that the process of extinction has been shifted 
geographically from relatively low-diversity island avifaunas to species-rich 
continental areas and habitats that support the world’s greatest variety of bird 
life. As the numbers of endangered and extinct birds from these areas contin- 
ue to expand, there will be an unprecedented reduction in the diversity of 
birds on Earth.”? This third wave of Quaternary dinosaur extinction may ulti- 
mately prove the most severe of all. 


NORTH AMERICA 


In the last 200 years, North America has lost more bird species than any 
other comparable landmass.? There are three major sources of reduced 
survivorship, all familiar from our tour through of some of the world’s 
islands: introduced species, human overkill, and habitat destruction. Each 
is exacerbated by human population growth. 

James Greenway, of the American Museum of Natural History, studied 
the geography of extinction and its symmetry with human population 
growth in New England. Europeans arrived in about 1600, when the east- 
ern half of the continent was heavily forested. Most was cleared by humans 
in the early years of westward expansion. Long before Europeans arrived, 
the forests had already been altered by American Indians, who frequently 
burned the undergrowth. But European tools and agricultural practices 
induced heavy deforestation. The original forest highlands were dominat- 
ed by hickory, oak and chestnut trees. Lower hills and valleys supported 
maple and beech forests. Natural fires were also a regular part of these 
forests, creating many clearings among the trees. These forests have now 
been decimated. In their place stands secondary growth and agricultural 
land, vastly altering the original environment. 

Greenway estimated that 431 million acres of original forest were cleared; 
only about 19 million acres remain. Another measure of this loss involves 
population density. In 1754, there were 24 acres of forest per person in Mass- 
achusetts. About 1790, as settlers began to move west toward the Appalachi- 
ans, large tracts of forest were burned to augment agricultural areas. As pop- 
ulations grew, the forests shrank. In 1776 there were 17 acres per person, in 
1800 ther were 11 acres, by 1830 only 8 acres, and by 1850 only 4. By 1850, 
virtually all the original forest was gone in Massachusetts. Within a few 
decades, virtually the entire United States east of the Mississippi had been 
cleared. Several bird species abundant in 1850 are now extinct, and a grow- 
ing number are threatened or endangered. 

American universities had established excellent traditions in natural 
history by the beginning of the nineteenth century. For more than 200 
years the eastern United States has been studied by skilled natural histo- 
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rians, observing and writing about birds. One of the greatest was a prolif- 
ic writer, a meticulous illustrator, and the world’s foremost authority on 
the living species of North American dinosaurs—John James Audubon. 
Several species that he observed and painted in the wild, at a time when 
they suffered no obvious threat, have since become extinct. In these cases, 
the trail of clues leading scientists to the cause of their extinction is pre- 
served on paper rather than in stone. The testimony of Audubon and the 
subsequent generations of wildlife biologists he helped inspire vividly 
document the extinction of species on a continental scale. 


MARTHA 


Next to Archaeopteryx and the Dodo, the Passenger Pigeon (Ectopistes migra- 
torius) is probably the world’s most famous extinct bird. At the beginning 
of the nineteenth century, it was quite possibly the most abundant bird in 
North America, if not on Earth. It is hard to understand how it could be 
that the last wild specimen was shot in the early fall of 1899, and by then 
the species was all but extinct.* 

Audubon prefaced his description of the Passenger Pigeon with the words: 


The multitudes of Wild Pigeons in our woods are astonishing. Indeed, after 
having viewed them so often, and under so many circumstances, I even 
now feel inclined to pause, and assure myself that what I am going to relate 
is fact....In the autumn of 1813, I left my house at Henderson, on the 
banks of the Ohio, on my way to Louisville. In passing over the Barrens a 
few miles beyond Hardensburgh, I observed the Pigeons flying from north- 
east to south-west, in greater numbers than I thought I had ever seen them 
before, and feeling an inclination to count the flocks that might pass with- 
in the reach of my eye in one hour, I dismounted, seated myself on an emi- 
nence, and began to mark with my pencil, making a dot for every flock that 
passed. In a short time finding the task which | had undertaken impracti- 
cable, as the birds poured in countless multitudes, | rose, and counting the 
dots then put down, found that 163 had been made in twenty-one minutes. 


When European settlement of North 
America began in earnest in the early 
seventeenth century, forests stretched 
over half the continental United States. 
By the early twentieth century, only a 
sparse patchwork of original forests 
remained. 
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I traveled on, and still met more the farther I proceeded. The air was liter- 
ally filled with Pigeons; the light of noon-day was obscured as by an 
eclipse, the dung fell in spots, not unlike melting flakes of snow; and the 
continued buzz of wings had a tendency to lull my senses to repose.® 


In 1810, Alexander Wilson, a preeminent ornithologist of the time, observed 
a huge flock in Kentucky, estimating that it contained 2.2 billion individuals.’ 
A later ornithologist reported in 1871 on a breeding colony in Wisconsin, esti- 
mating at least 136 million birds were present in an area covering 850 square 
miles. The roosts of these great flocks could also cover several square miles, 
and trees often collapsed under the sheer weight of roosting pigeons. 

Given that the bird is now extinct, it is hard to believe that such accounts 
were true, regardless of their sources. But a close relative of the Passenger 
Pigeon also migrates in great flocks and breeds in immense colonies con- 
taining millions of birds. The Eared Dove (Zenaida auriculata) lives in north- 


In the early nineteenth century, the 
Passenger Pigeon congregated in flocks 
of millions of birds. 


eastern Brazil and central Argentina, forming spectacular, wide-ranging flocks 
that confirm the estimates for the Passenger Pigeon.’ It is a close analog to 
the Passenger Pigeon in many key evolutionary strategies that may have been 
responsible for the extinction of its cousin. American hunters and profes- 
sional bird trappers are commonly indicted as primary suspects in the loss 
of the Passenger Pigeon. But from studying the Eared Dove and historic 
accounts of the Passenger Pigeon, it is evident that habitat alteration was a 
significant, if not predominant, factor in its extinction. 

The Passenger Pigeon could fly at sustained speeds approaching 60 miles 
per hour, rapidly covering long distances. Its migrations represented great for- 
aging expeditions. As Audubon described: “These are entirely owing to the 
necessity of procuring food, and are not performed with the view of escaping the 
severity of a northern latitude, or of seeking a southern one for the purpose of 
breeding. They consequently do not take place at any fixed period or season of 
the year. Indeed, it sometimes happens that a continuance of a sufficient sup- 
ply of food in one district will keep these birds absent from another for years.”!° 

As they entered new areas to feed, the birds were massacred and trapped 
with deadly efficiency as they roosted at night in their breeding grounds. 
Audubon described one site 40 miles long and 3 miles wide, where Pigeons 
roosted along the Green River in Kentucky, detailing the slaughter that was 
planned and executed. 


Many people were involved, one traveling over 200 miles and driving 
300 hogs to be fattened on the pigeons that were slaughtered. “Here and 
there, the people employed in plucking and salting what had already been 
procured, were seen in the midst of large piles of these birds. The dung lay 
several inches deep, covering the whole extent of the roosting-place. Many 
trees two feet in diameter, | observed, were broken off at no great distance 
from the ground; and the branches of many of the largest and tallest had 
given way, as if the forest had been swept away by a tornado. Everything 
proved to me that the number of birds resorting to this part of the forest 
must be immense beyond conception. As the period of their arrival 
approached, their foes anxiously prepared to receive them. Some were fur- 
nished with iron-pots containing sulfur, others with torches of pine-knots, 
many with poles, and the rest with guns. . . . Suddenly there burst forth a 
general cry of “Here they come!” The noise which they made, though yet 
distant, reminded me of a hard gale at sea, passing through the rigging of 
a close-reefed vessel. As the birds arrived and passed over me, I felt a cur- 
rent of air that surprised me. Thousands were soon knocked down by the 
pole men. The birds continued to pour in. The fires were lighted, and a 
magnificent, as well wonderful and almost terrifying, sight presented itself. 
The Pigeons, arriving by thousands, alighted everywhere, one above anoth- 
er, until solid masses were formed on the branches all round. Here and 
there the perches gave way under the weight with a crash, and, falling to 
the ground, destroyed hundreds of the birds beneath, forcing down the 
dense groups with which every stick was loaded. It was a scene of uproar 
and confusion. I found it quite useless to speak, or even to shout to those 
who were nearest to me. Even the reports of the guns were seldom heard, 
and I was made aware of the firing only by seeing the shooters reloading. !! 
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Professional netters trapped birds by the thousands. By the time the laws 
banning the practice took effect it was too late. From one nesting colony, 
two railroad cars per day filled with pigeons could be sent to eastern mar- 
kets. Audubon visited New York in March of 1830 and found that pigeons 
“were so abundant in the markets, that piles of them met the eye in every 
direction.” At the famous Wisconsin colony of 1871, 1.2 million birds were 
taken by 600 professional pigeon netters in one nesting. Reportedly, “hun- 
dreds” of sport hunters and professional trappers followed the birds across 
wide regions, taking a large toll as they went.!* With such vivid testimony it 
might appear that the bird’s extinction rests squarely on Homo sapiens. 

But astonishingly, the number of birds killed by people may have amount- 
ed to only a few percent of these flocks.!? The Eared Dove, whose populations 
range between | and 10 million birds, have suffered similar losses without 
significant long-term declines in population levels. In northern Argentina, 
an Eared Dove population estimated at 3 million is considered a pest, and 
attempts to extirpate it have included poisoned baits and year-round trap- 
ping. About 420,000 birds were exterminated in one application of poison, but 
no long-term effects were observed. So many birds breed several times each 
year that the species withstood the attacks by doubling or quadrupling their 
numbers every season. 

Several key life-history characteristics of the Passenger Pigeon appear to 
have been responsible for their extinction.'4 The Passenger Pigeon may have 
descended from pigeons of the Great Plains, evolving into the hardwood forests 
and exploiting its profuse food supply. Whatever its prehistory, during historic 
times the Passenger Pigeon never spread beyond the eastern hardwood forests. 
The limiting factor was food. Its main staple was mast—the fruits of hardwood 
trees, particularly beech trees. Beech mast is higher in protein and carbohy- 
drates than acorns and chestnuts, but the pigeons fed on these also. They for- 
aged for accumulations of these fruits on the ground beneath the trees. The dis- 
tribution of mast-producing trees naturally limited the pigeon’s upper range to 
the southern part of Canada, and to the eastern half of North America. 

Mast production is irregularly timed and distributed across eastern forests. 
Mast trees tend to have abundant crops every two to five years, but no regu- 
lar cycle exists, except that the mast-producing trees of several species often 
synchronize their irregular production. Consequently, all the trees over wide- 
spread areas would produce in great abundance at the same time. Some biol- 
ogists have argued that this satiates seed predators, like squirrels and jays, 
as well as pigeons, while leaving some seeds to produce new trees. Whatever 
the reason, forests present a patchwork of resources in any given season, with 
some regions producing abundant mast supplies and others not. During 
“migration,” the Eared Dove wanders widely but loosely follows a linear 
course as it scours broad areas of the forest for food. 

The Passenger Pigeon migrated in the same pattern. Its great flocks were 
well suited for discovering and exploiting the patches of high mast produc- 
tion. They would respond to sightings of other birds on the ground that 
might have discovered a mast cache. Hunters, accordingly, set out “stool 
pigeons”, luring dozens or hundreds of birds into a trap. Covering vast areas, 
the pigeons scoured the ground for mast. The availability of food was critical 
for their breeding. Both the length of their breeding season and their spring 
nesting episodes were correlated with the supply of mast. Population levels 
were probably also determined by mast supply, as they are in the Eared Dove. 


Their gregariousness and the size of their congregations greatly facilitated 
the discovery of food. 

As settlers moved westward, old forests were completely cleared, transform- 
ing large areas into agricultural lands, especially where beech trees had lived in 
fertile bottom lands, Huge volumes of wood were also cut for fuel. The amount 
cut for fuelwood alone probably exceeded today's overall timber harvest. Defor- 
estation accelerated in the 1870s with the invention of portable steam sawmills, 
and by the end of the nineteenth century most old tracts of original forest dis- 
appeared. Secondary growth that has been allowed to come back between the 
agricultural regions consists mostly of sprouts that rarely grow to maturity, 
because it is ready to cut for lumber in half the time it takes for the trees to grow 
into large-scale mast producers. The brushy understory that this type of forest 
fosters is difficult for the pigeons to move through as they look for mast. Domes- 
tic hogs competed with Passenger Pigeons for the mast that was produced by 
the trees that had not been cut. The decline of the forests coincided with the 
decline in the great breeding colonies. Evidently, their social organization was 
critical for locating food, because isolated pairs and small groups that survived 
into the 1890s eventually disappeared. Scattered sightings were not uncommon 
in the first few years of the twentieth century.!° 

In a way, Audubon predicted this fate. “Persons unacquainted with these 
birds might naturally conclude that [human predation] would soon put an 
end to the species. But I have satisfied myself, by long observations, that 
nothing but the gradual diminution of our forests can accomplish their 
decrease, as they not unfrequently quadruple their numbers yearly, and 
always at least double it.”!© 

The last known individual of this species was named Martha by keepers in the 
Cincinnati Zoological Gardens, where Martha passed her last years. In late 1914, 
in the ornithological journal The Auk, an anonymous editor published this obit- 
uary: “Ectopistes migratorius, once one of the most notable species in the North 
American avifauna became extinct on September 1, by the death of the last sur- 
viving specimen, a female, which had lived for twenty-nine years in the aviary of 
the Cincinnati Zodlogical Garden. It is rarely possible to state the exact date of 
the extinction of a species as the process is usually a gradual one, but in view of 
the fruitless efforts extending over the past ten years to find evidence of the exis- 
tence of wild Passenger Pigeons we may safely consider the passing of this last 
captive specimen as the extinction of the species.”!” 


TOO ADAPTABLE? 


The extinct Carolina Parakeet (Conuropsis carolinensis) suffered a similar fate, its 
last members dying in the same zoo only four years later. But its extinction 
was different. It was present in great abundance when Europeans arrived in 
North America, ranging from the Gulf of Mexico to the Great Lakes, and from 
the Mississippi River east to Florida. It had an orange face, a yellow head and 
neck, with green body plumage. It lived in nonmigratory flocks, nesting in 
holes of mature trees in old deciduous forests. They sometimes assembled 
sizable rookeries in huge hollows. Reportedly, they had a fondness for seeds 
of elm, maple, cypress, pine, and beech, as well as thistles and cockleburs.!® 

But their voracious appetites made them a pest. As the original forests were 
cut and burned, they turned to domestic seeds and fruits like a plague of 
locusts. Audubon recorded that whole flocks would descend on grain fields 
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covering them “so entirely that they presented to the eye the same effect as if a 
brilliantly coloured carpet had been thrown over them.” 1° They destroyed entire 
orchards in a “wanton and mischievous manner,” a characterization in keeping 
with the large brains and intelligence of parrots generally. The demise of the 
Carolina Parakeet was hastened by its gregariousness. Instead of flying away, 
the flock would often hover over birds wounded by hunters, facilitating the 
flock’s extermination in a single afternoon. 

During 90 years of westward European expansion, the range of the Caroli- 
na Parakeet retreated rapidly toward the Mississippi. In their wake, frontier 
colonists left a broad swath of deforested lands barren of the parakeet’s nat- 
ural food. The last sightings of this bird generally coincide with the first wave 
of European population growth and the establishment of permanent settle- 
ments. The final sightings in Ohio were in 1832, in Indiana 1856, in Kentucky 
in 1878, in the central Mississippi drainage in 1857, from the upper Missouri 
River in 1881, from Florida in 1904, from Missouri in 1905, from Louisiana in 
1910, and from Kansas in 1912. Through human extermination and habitat 
destruction, the range of the Carolina Parakeet shrank to the size of one cage 
in the Cincinnati Zoo, before vanishing entirely. 


THE CALIFORNIA CONDOR 


The California Condor teeters close to extinction, due not so much to habi- 
tat destruction as direct human persecution. It is a giant member of the vul- 
ture family, which today consists of seven species ranging across the Western 
Hemisphere. The Andean Condor is the largest flying bird, but its northern 
cousin is only slightly smaller. Both have wingspans approaching nine feet. 
Their feet leave footprints in soft substrate that are seven inches across. Con- 
dors are the undisputed soaring champions of the land, as the albatross is 
over the water. Effortlessly riding thermals, they soar widely over the Califor- 
nia scrub, searching for dead or dying animals, even along roadways and 
around dumps. Their hunting network is widespread, because the birds watch 
each other from great distances. If one goes down after food, others in the air 
know it right away. No record exists of a California Condor attacking a living 
animal. They are generally solitary but are also seen in pairs. It is not known 
whether they pair for life, but the same pair has been observed to return to 
the same nest season after season for many years. They survive in captivity 
for three decades. All members of the family are now protected, but the Cal- 
ifornia bird remains critically endangered. 

In the Pleistocene, the California Condor ranged over much of North 
America. Even in prehistoric times these birds extended east into Florida and 
have been found in caves and other sites in Texas, New Mexico, Arizona and 
Utah. Between 1,500 and 3,000 years ago the Condor nested in Texas and 
probably other southwestern states.2! But the arrival of American settlers in 
the West led to a steady restriction of its range. By the 1800s, it disappeared 
from all but the western margin of its former range. During the nineteenth 
century, condors still soared majestically over the ground from British 
Columbia to Baja California. The last sighting of a condor in Mexico occurred 
about 1930. Since 1937, the condor has been confined to California, where its 
populations continue to diminish. 


The decline of condor populations is related to the 
colonization of the west. Many condors were shot, 
possibly constituting the major source of mortality in 
these slowly reproducing birds. Individuals also died 
from eating poisoned carcasses of bears and coyotes 
that were targeted in massive “varmint” campaigns in 
California during the nineteenth century. Strychnine 
and lead poisoning, more than habitat decline, have 
both been cited as the source of condor mortality. By 
1980, only about 23 birds remained in the wild, along 
with about 2 dozen captive birds in American zoos.?2 
In 1987, the last of the wild birds were captured. They 
reproduced with some success and the numbers have 
rebounded to the point that by July 1994, the captive 
population had risen to 89. Birds are now being 
returned to the wild with some success in California. 
Six birds were also released in 1996 onto the Col- 
orado Plateau of Arizona and southern Utah, to estab- 
lish a second wild population. As of this writing, there 
are 17 condors in the wild and 104 in captivity. 


GEOGRAPHY OF THE 
CONTINENTAL THREAT 


Today across North America there are fifty threatened 
bird species.” Habitat disruption has catalyzed com- 
plex consequences that are beginning to catch up with 
North American birds. in the United States, numerous 
endangered bird species are threatened either directly 
or indirectly by disruption of woodlands and adjacent 
wetlands. Bachman’'s Warbler, Kirtland’s Warbler, the 
Golden-cheeked Warbler, the Black-capped Vireo, the 
Red-cockaded Woodpecker, the Spotted Owl, and the 
Whooping Crane are among thirteen critical species, 
twelve endangered species, and twenty-one vulnerable 
species, many orinthologists believe that Bachman’s 
Warbler is already extinct. In some cases the threatened 
habitat is in the tropics outside of North America, 
where the birds breed. In others, the threat is related to 
competition from introduced species or species that 
thrive in the disrupted habitat. Environmental toxicity 
also drives the decline, most strongly affecting birds at 
the top of the food chain. 

Birds on other continents face the same problems, 
but far more species are at risk. The threat is most 
severe in the tropical forests of South America, central 
Africa, and southeastern Asia because this is where 
avian diversity is greatest. Until recently, these regions 
were spared the effects of European technology on 
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forested lands. But lately technology and foreign agricultural practices have 
struck with a vengeance. 

Throughout tropical forests, human populations are growing very rapidly. 
Many inhabitants are impoverished, and providing fire for warmth and cooking 
represents a strong incentive to cut down trees. Wood is cheap compared to 
kerosene or bottled gas. By 1980, developing countries used wood and other 
“noncommercial” sources for 90 percent of all energy consumed. In many coun- 
tries deforestation has yielded desertification—expansion of deserts into pre- 
viously forested regions. Globally in 1987-1989, just over half the wood pro- 
duced annually was used for fuel and charcoal. In Africa during this period, 
89 percent of cut wood was burned for these purposes, and in Asia 74 percent. 
In Europe, however, only 15 percent of the wood cut went to fuel. European 
populations are now comparatively static, while in tropical countries popula- 
tions are growing at rates exceeding the 2 percent per year global average.?4:2° 

An insidious cycle commences with tropical deforestation. Forested 
uplands are cleared for new agricultural lands or fuel. Excess runoff from rain, 
which had been prevented by the forest’s biota, triggers rapid soil erosion. 
Any remaining soil is soon leached of its nutrients by the farming practices. 
Having lost its agricultural value, it is abandoned, and another tract is 
burned. Down river, in developing countries without adequate flood control 
systems, flooding and crop destruction ensues from the increased upland 
runoff. And as the population grows, more of the land is bound in this chain 
of poverty. As forests are cleared, some of the carbon combined in the wood 
is released to the atmosphere as carbon dioxide. As E. O. Wilson writes “The 
net loss of tropical forest cover world-wide during 1850-1980 contributed 
between 90 and 120 billion metric tons of carbon dioxide to the Earth’s 
atmosphere, not far below the 165 billion metric tons emanating from the 
burning of coal, oil, and gas.”6 

Joel Cohen estimates that developing countries converted 1.45 million kilo- 
meters (145 million hectares) of forest to farmland between 1973 and 1988. Dur- 
ing this time, human populations increased by 1.2 billion people. This trans- 
lates to deforestation of 0.12 hectare per person—a rectangle 50 meters by 24 
meters or one-quarter of an American football field. If each additional person 
requires 0.12 hectare of land, each additional billion people require 
1.2 million square kilometers of additional land, which would otherwise host 
wildlife.2” Wilson observed the irony, that if nineteenth-century technology had 
been born amidst tropical rain forests instead of temperate-zone oaks and 
pines, there would be very little biodiversity left to save. 

In 1964, a series of reports on biodiversity, known as the Red Data Books, 
were compiled to identify and document endangered birds throughout the 
globe to prevent their global extinction.2? The thresholds for determining 


In the few short years between 1940 and 
1983, Costa Rica was heavily deforested. 


whether a species is endangered or merely threatened 
reflect a range of criteria. If there has been a rapid 
decline in their population or if their range is small and 
becoming fragmented, they may be critically endan- 
gered. The overall size of their population, range, and 
other factors are also involved. Critically endangered 
species are those judged to have a 50-50 chance of 
becoming extinct in the next five years. Across the 
map of avian phylogeny species are threatened with 
extinction. 

In the rapidly shrinking forests of South America, 
many different lineages of woodland birds have species 
that are threatened or endangered. Today, Brazil ranks 
first among New World countries in the number of 
endangered birds, with 16 critically endangered 
species, 31 endangered, and 56 vulnerable—a total 
of 103 threatened species. Colombia is fourth with 
62 threatened species,. Peru, fifth, with 60 threatened 
species; Ecuador, seventh, with 50 species; Argentina, 
twelfth, with 40 threatened species; and most other 
countries host at least a few endangered species. 

Through the loss of both wetlands and forest, 
many birds are threatened across southern Asia, 
Indochina, and over southeastern China. Human 
exploitation has also been a significant factor. China 
is second among continental countries in having 86 
threatened species, India is third with 71 threatened 
species, and most Old World continental countries 
are inhabited by threatened birds. 


EVOLUTION AND EXTINCTION 


To Richard Owen, as to most pre-Darwinian scholars, 
species were static and incapable of change. Perhaps 
this is somewhat unfair, because there is evidence that 
Owen entertained the notion of limited transformation 
among species. Owen wrote of the loss of flight in the 
Dodo, for instance, admitting that its ancestors must 
have flown to Mauritius. But in the end, he rejected the 
idea that two major groups within the Linnean classifi- 
cation, like Reptilia and Aves, could be related to one 
another as ancestor and descendant. When push came 
to shove, he rejected evolution as a general principle. 
Owen refused to accept that there could be small 
dinosaurs or that they could evolve feathers and flight, 
so he could never realize his mistake in claiming that 
Dinosauria is extinct. 

Ifa meteorite struck Yucatan 65 million years ago, its 
effects on the indigenous dinosaurs were only short- 
lived. Central America is one of the centers of avian 


The colored areas of tropical South America have especially high 
numbers of endemic species. 


The contour lines on this map indicate the number of nesting bird 
species. Diversity rises by an order of magnitude moving from 
arctic regions toward the equator. 
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diversity today. Evidently, the evolution of today’s great diversity of birds 
required great expanses of time, and we can now trace the history of Central 
American birds back across the K-T boundary and deep into time. The extinct 
Mesozoic dinosaurs, moas, and other flightless birds that Owen described are 
all parts of this same major highway system on the vertebrate phylogenetic 
map. Owen’s first encounter with an extinct dinosaur was with the moa, and he 
unwittingly rediscovered the lineage when he named Dinosauria. 

Richard Owen was among the first to study extinct island birds, and he 
made them widely known within the scientific community. Although he rec- 
ognized that some bird extinctions were caused by humans, he never sus- 
pected the full portent that scientists read into his discoveries today. Without 
understanding how species originate, that species evolve from other species 
and that time and diversity are linked, Owen never fully understood the mean- 
ing of the extinctions to which he was such an articulate witness. But in a way, 
he was also fortunate in his ignorance of the future for dinosaurs that we now 
contemplate. 

With methods like cladistics that offer greater testability for scientific 
hypotheses, the major features of vertebrate phylogeny have now been 
mapped out in general form. If current phylogenetic maps are correct, it 
appears that dinosaurs and our own primate lineage co-existed for a time span 
exceeding 70 million years. Both lineages survived whatever happened at the 
end of the Cretaceous. They further withstood the Pleistocene wave of extinc- 
tion that surged across the globe. But following in its wake have come second 
and third waves, the second engulfing tropical islands and the third now mov- 
ing across the continents. Both of the Holocene waves have cascaded from the 
tragic symmetry between human population growth and the loss of biological 
diversity. The third wave of extinction has yet to reach its crest, and it probably 
won't until after human population growth has peaked and begun to decline. 
By current estimates this is still a century away. So in our museums and class- 
rooms we are training the next generation of scientists to test our view of liv- 
ing dinosaurs with discoveries of their own, and to confront the idea that the 
emergence of human agricultural and technological societies presents the 
greatest threat that dinosaurs have ever faced. 
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Richard Owen and his grandson, 
Richard, c. 1880. 


Destiny Hangs in the Balance 


ur charge in this book has been to investigate all the issues sur- 

rounding the mystery of dinosaur extinction. In the process, we 

have explored not only what caused the extinction of the regal 
forms that dominated the Mesozoic world, such as Tyrannosaurus and Veloci- 
raptor, but also the destiny of their descendant relatives, the birds. We have 
laid out the evidence gleaned from the rock and fossil records so that you can 
judge for yourself what happened. From our perspective, however, this inves- 
tigation has led to some startling conclusions. 

It's hard for us to believe that, since we met at Berkeley, we may well have 
witnessed and even participated in the solution of long-standing mysteries 
involving dinosaur extinction. But it wasn’t the solution that either of us envi- 
sioned when we started. Like many breakthroughs in science, solving the mys- 
tery turned on asking the right question. The final solution required us to ask, 
“Did all dinosaurs really go extinct at the K-T boundary?” This is a very differ- 
ent question than the one scientists had asked for more than 150 years: “What 
caused the extinction of dinosaurs at the K-T boundary?” To our surprise, the 
solution didn’t involve catastrophic asteroid impacts or cataclysmic volcanic 
eruptions, and we realized that, even in the “modern scientific age,” our world 
view could be jolted and turned upside down. 

It was exhilarating to see the historic arguments of the nineteenth centu- 
ry replayed in our contemporary setting. Several aspects of the classical 
debates over catastrophism vs. uniformitarianism that accompanied the 
emergence of geology as a science were revisited by our colleagues studying 
the K-T boundary. Our fascination stemmed from the fact that issues of his- 
toric proportion were once again at stake. The modern discovery of evidence 
pointing to the likelihood of a great bolide impact at the end of the Creta- 
ceous represents an historic breakthrough in terms of potential mechanisms 
for interpreting Earth and evolutionary history. This advancement in our 
knowledge will certainly provide us with an incentive to watch the sky much 
more closely in the future. Compelling evidence has also been recovered 
from the geologic record which establishes that an enormous episode of vol- 
canic activity punctuated the end of the Cretaceous. However, the damaging 
consequences of these events could have had very similar effects on the 
Earth’s environment and biota—atmospheric pollution, acid rain, initial cli- 
matic cooling, subsequent climatic heating, and so on. Due to the potential 
of these events to trigger similar “killing mechanisms,” along with our inabil- 
ity to tell time precisely at catastrophic intervals in the Cretaceous, it is 
impossible to be certain what caused the extinction of non-avian dinosaurs. 

Also replayed in two different centuries was the historic debate over the 
ancestry of birds. In the modern drama, Deinonychus replaced Compsognathus, 
and more evidence has been brought to bear on the question. But the plot is 
basically the same. Today, the great preponderance of evidence preserved in 
the skeletons, genes and growth patterns of fossil and living animals supports 
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the conclusion that Mesozoic theropods were the ancestors of birds, just as 
most of the evidence did a century ago. More importantly, a classical battle 
over the theory of evolution was also replayed, framed in modern times as a 
battle between Linnaean taxonomists and phylogenetic systematists. Today's 
battlefield might seem different because nearly everyone claims to be an evo- 
lutionist. But conceptual tools forged by anti-evolutionists, like the theory of 
homoplasy, are still at the root of the conflict. Pre-Darwinian tools for order- 
ing the diversity of Life, like classifications based on overall similarity instead 
of ancestry, catalyzed both generations of the debate. As before, these out- 
dated tools and concepts perform poorly in explaining all the available 
evidence or making predictions about the future. The Darwinian revolution 
should have led to a fundamental change in the methods we use to classify 
the Earth’s biota. However, it took more than a century for scientists to rec- 
ognize the full implications of the theory of evolution and to forge a new set 
of tools. 

Our investigation also provided unexpected insights into how our world 
views are shaped. Although we had learned about uniformitarianism and 
evolution as undergraduates, we didn’t realize how many new discoveries 
would continue to cascade from these great ideas. We didn’t appreciate the 
degree to which these ideas would continue to alter our world view as scien- 
tists struggled to understand humanity's place in Nature. That uniformitari- 
anism and evolution continue to be hotly discussed and debated attests to 
their enormous explanatory power and the wealth of knowledge that has 
flowed from them. Detecting the impact at the end of the Cretaceous and 
tracking the ancestry of birds were as much an exercise in understanding the 
history of these two ideas as in sleuthing for new evidence in the geologic 
and biologic records. After all, Walter and Luis Alvarez recognized the great 
bolide impact from an almost immeasurably small amount of iridium, and 
Carl Gegenbaur connected the evolutionary paths of modern birds and Meso- 
zoic dinosaurs using only one fossil—Compsognathus. 

While students of Nature have always encountered surprises such as 
these, we can see that today’s students face a very different future than we or 
our predecessors did. As naturalists circumnavigated the globe in the eigh- 
teenth and nineteenth centuries, the world was dazzled by the wealth of new 
species of living birds that were discovered. Students struggled to compre- 
hend the seemingly unbounded diversity of Life that naturalists were docu- 
menting on the first large-scale scientific explorations of the world. Yet, 
despite the best efforts of Richard Owen and other great naturalists, the fos- 
sil record was only slowly revealing its secrets of ancient life forms. 

Because the early naturalists did such a thorough job, by the time we were 
students, we were presented with a precise census of modern dinosaurian 
diversity and biogeography that has changed only slightly in the last two 
decades. Today, students can grasp the diversity of living birds from a single 
textbook of ornithology. With the new tools and techniques of cladistics, the 
new generation of naturalists is rebuilding many of the evolutionary paths 
and highways on our map of Life’s history. Our knowledge concerning the fas- 
cinating evolutionary pathways of life continues to grow. At least two new 
species of living birds have been discovered in the year that it took to write 
this book, one in the Andean forests, the other in the Philippines. So, the 


centers of dinosaur evolution continue to yield new insights into dinosauri- 
an diversity, as remote regions still poorly known to naturalists are finally 
explored. But with hundreds of thousands of amateur bird watchers and hun- 
dreds of trained naturalists studying the birds of the world, it is clear that 
nearly all of the species of birds alive today on the planet have been discov- 
ered and named. If we had wanted to discover and describe new species 
of living birds, we were born a century too late. Indeed the students of our 
generation often express their disappointment and sense of deep loss that 
Nature's frontiers, by the time we reached them, were so thoroughly 
explored. Compared to the prospects that faced a young Richard Owen, 
Charles Darwin, or John James Audubon, our own prospects often seem piti- 
fully tame. 

Although there is no shortage of challenges in documenting the modern 
biota, for us the most enthralling scientific frontier has been the past—the 
deep history of birds and their extinct dinosaurian relatives. Like the stu- 
dents in Richard Owen's time, we recognized that only by measuring what has 
gone before can we predict what might lie ahead. But during our careers, the 
pace of discovery of extinct birds has greatly exceeded nineteenth-century 
levels, so the ancient world is far more accessible to us than to students a 
century ago. With modern radioisotopic dating methods, detailed geological 
maps, and a host of other powerful technologies, we now have detailed 
chronologies and phylogenetic maps that trace the roots of our modern biota 
far back into time. The tumultuous pace of new discoveries has presented a 
challenging and rapidly shifting view of the history of birds and other 
dinosaurs. With that far richer picture of Life’s history, we now look ahead 
with an entirely different perspective than students did in the last century. So 
great has been this shift in perspective that the students in today’s classroom 
face a radically different situation from the one that we experienced just two 
decades ago at Berkeley. Having long gazed back over our shoulders into the 
Cretaceous in our efforts to understand the K-T mass extinction, we and 
other scientists have realized that Earth history has presented us with a pro- 
found irony in terms of the destiny of dinosaurs. Although a diverse array of 
magnificent animals was wiped out at the end of the Cretaceous, the worst 
for dinosaurs may, in fact, lie just ahead, staring us right in the face. 

While a human role in the extermination of modern species has been 
acknowledged since Richard Owen's day, only recently have we come to 
appreciate the full scope of that role. Today’s students will be the first gener- 
ation of scientists to live with that realization from the earliest stages of their 
careers. They are witnessing one of the greatest global extinctions of all time. 
When we share the bleak irony of modern dinosaur extinction with this next 
generation of naturalists training in our classrooms, our students sometimes 
express their humiliation in belonging to the human species and the hope- 
lessness of cleaning up our mess. These are new attitudes, and they reflect a 
huge shift in world view from when we were students. 

But in spite of the ample cause for pessimism, it is important for today’s 
students to recognize that they themselves did not create this situation, even 
if their human forebears did. More importantly, they must understand that 
they and their human descendants will shape and witness the ultimate des- 
tiny of dinosaurs. And since we now understand that so much of the modern 
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extinction episode was triggered by human activities, it is evident that 
human solutions can also be found. It is also important for today’s students 
to realize that their ability to preserve the modern diversity of dinosaurs, as 
well as biodiversity in general, will be predicated upon the skills and knowl- 
edge that they assemble today. Great universities and natural history muse- 
ums have been established in many parts of the world, and so the organiza- 
tional structure is largely in place to attack the next great frontiers of natural 
history. For the coming generation of students, these frontiers will include 
the heavens as well as the Earth itself, and the great issues for them will now 
include future biodiversity in addition to refining our own measures of the 
diversity of the present and past. So, the prospects for great challenges and 
heroic accomplishments by the next generation of scientists are rich indeed. 

That is, if sufficient resources are provided for them. Across the United 
States, geology departments were shut down in many colleges and univer- 
sities following a depression in oil prices and cutbacks in petroleum explo- 
ration over the last two decades. Richard Owen's Natural History Muse- 
um—once the world’s greatest centers for the study of natural history—has 


= slashed its curatorial and research staff owing to a budget crisis in England. 


For the same reasons, the great London Zoological Gardens were recently 
forced to cut back their public displays and to give away many of the rare 
and endangered animals in their collections. Research budgets are dimin- 
ishing everywhere, and as biodiversity continues to decline at an alarming 
rate, the remaining opportunities for us to study Nature and plan for our 
planet’s future are rapidly dwindling. Whereas a great, if aging, infrastruc- 
ture of universities, museums, research laboratories, government agencies, 
and libraries is now in place to train a new generation of naturalists, what 
is lacking is a widespread political will to prioritize funding toward educa- 
tion in general and natural history in particular. The Texas state govern- 
ment, to cite one tragic example, now invests more public funding in build- 
ing new prisons that in building new schools or maintaining schools 
already in operation. 

Still there is time to educate our politicians and public, and to accomplish 
a great deal of good in the decades ahead. For endangered birds, projects like 
the on-going attempts to restore natural populations of California Condors 
and to rebuild natural populations of the Whooping Crane offer both hope 
and informative examples for future strategies. Experiments on the preserva- 
tion of large diverse habitats are underway in Costa Rica and Irian Jaya, and 
these may lead to conservation of huge regions. The recent biotechnology 
revolution is sufficiently advanced that we can only say that it is impossible 
to predict where we will be a century from now or what role this exciting 
breakthrough will play in conservation biology. For students willing to take 
the risk of a long apprenticeship and uncertain job prospects, the next gen- 
eration of natural historians will face the many of the greatest challenges and 
the greatest rewards in the history of human endeavors. 

One of those rewards will be the romance of doing field work. Although we 
now work out of New York City and Austin, Texas, we still go into the field 
whenever we can to search for evidence of what happened at the end of the 
Cretaceous and to refine the evolutionary paths on the map of vertebrate 
phylogeny. The opportunities to explore natural history in the field and make 


new discoveries out in the badlands is the primary reason we put up with all 
those painful tests in school. It remains the most exhilarating work that we 
can imagine, especially as we come to appreciate the growing importance of 
natural history. The examples set by Owen, Darwin, Audubon, and the many 
naturalists since their time provide great models for future scientists by 
showing the immense impact that natural historians can have on the world 
view of all people. But in many ways, today’s challenges offer far greater 
opportunities for more critical contributions than were available to our pre- 
decessors. Today we can read a far deeper significance into the future by 
exploring the geologic and evolutionary events of the past. Those lessons 
provide the greatest motivation that we have ever had to go into Nature, 
explore the history of our world, and take immediate action based on the 
knowledge gleaned from those efforts. One problem that needs to be 
addressed by us and our students has become painfully obvious in light of 
what we have tried to present in this book: 

No matter what caused the K-T episode of extinction, dinosaurs have sur- 
vived to the present-day. But the number of dinosaur species has dwindled 
alarmingly in the short time that humans have populated and exploited the 
world. Human proliferation across the Pacific islands, by everyone from 
Aboriginals to the British and American navies, wiped out more dinosaur 
species than whatever event or combination of events triggered the terminal 
Cretaceous extinctions. We are doing it again with the current wave of 
expansion that is decimating the world’s tropical rainforests—the greatest 
haven for modern dinosaur diversity. So, in spite of the truly remarkable 
progress that the scientific community has made in unraveling the evolu- 
tionary history of dinosaurs, we peer out toward the future from a perplex- 
ing perspective. Wouldn't it be both ironic and tragic if, despite all our 
attempts to pin the atrocity on ancient catastrophes and cataclysms, 
dinosaurs were extinguished—not by the next extraterrestrial impact or vol- 
canic eruption—but rather by the actions of our own human hands? 
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In addition to being master scientists, Drs. 
Dingus and Rowe are master storytellers. They 
paint vivid scenes of death and discovery. 
Cladistic diagrams and anatomical renderings 
help illustrate what science knows about 
dinosaurs today. The Mistaken Extinction is an epic 
tale of beautiful and terrible beasts, of 
explosions that block out the sun, and a 65- 
million-year-old evolutionary murder mystery 
with a fascination that has yet to die out. 
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